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ABSTRACT

The molecular mechanism of proton pumping by heme-copper oxidases (HCO) has
intrigued the scientific community since it was first proposed. We have recently reported a
novel technology that enables the continuous characterisation of proton transport acaivity of
HCO and ubiquinol oxidase from Escherichia coli, cytochrome fbo hundreds of seconds
on the single enzyme level (Li et al 3 Am Chem Soc 137 (2015) 16055-16063). Here, we
have extended these studies by additional experiments and analyses of the proton transfer rate
as a function of proteoliposome size and pH at the N- and P-side of single HCOs. Proton
transport activity of cytochrome pavas found to decrease with increased curvature of the
membrane. Furthermore, proton uptake at the N-side (proton entrance) was insensitive to pH
between pH 6.4-8.4, while proton release at the P-side had an optimum pH of ~7.4,
suggesting that the pH optimum is related to proton release from the proton exit site. Our
previous single-enzyme experiments identified rare, long-lived conformation states of
cytochrome bgwhere protons leak back under turn-over conditions. Heze@nalyzed and
found that ~23% of cytochrome pproteoliposomes showpH half-lives below 50 s after
stopping turnover, while only ~5% of the proteoliposomes containing a non-pumping mutant,
E286C cytochrome hoexhibit such fast decays. These single-enzyme results confirm our
model in which HCO exhibit heterogeneous pumping rates and can adopt rare leak states in

which protons are able to rapidly flow back.



Introduction

Cytochrome bgis an ubiquinol oxidase and a terminal oxidase in Escherichia coli. As a
member of the A-type heme-copper oxidase (HCO) family, cytochbmais homologous to
the mitochondrial Complex IV/cytochrome ¢ oxidase [1, 2] and binds oxygen at its heme-
copper bi-nuclear center (BNC) where the oxygen molecule is reduced to water [3]. A
marked distinction between the two protein complexes is that cytochrome c oxidase receives
electrons from a single-electron donor, cytochrome c, whereas cytochrgnmasa two-
electron donor, ubiquinol. Oxygen reduction is coupled to the movement of protons, resulting
in the uptake and release of protons involved in two different processes: 1) protons
participating in the redox reactionschemical protony and 2) protons transped across
the membrane‘pumped protoriy [1, 4-8]. During normal turnoverchemical protonsand
“pumped protorisboth contribute to the transmembrane electrochemical gradientapd
pH gradient ApH), which together constitute the proton motive force (pmf), the driving force
for the synthesis of adenosine triphosphate (ATP) [1]. The chemical and pumped protons
together account for eight protons transferred across the membrane per oxygen molecule
reduced, giving a stoichiometry of Z/d [3].

The molecular mechanism of proton pumping by HCOs has intrigued the scientific
community since it was first proposed [1, 4-18]. It is generally accepted that proton pumping
is achieved by coupling electron transfer steps or redox states of BNC to the orchestrated
protonation of key amino acid residues and/or water molecules [8, 17, 18]. Two proton entry
pathways have been identified for HCOs and are named after amino acids that are considered
to play important roles in each channel. These are the D- and K-channels, where the D-
channel takes up both chemical and pumped protons and the K-channel only takes up
chemical protons. At the end of the D-channel, a crucial glutamate is located (E286 for E.
coli cytochrome bg), which is believed to act as a gate, preventing backflow of protons
during turn-over [6]. The proton exit pathway is less clearly defined, although a key proton-
loading site (PLS) has been identified at one of the propionate group of the heme that is part
of the BNC [19].

The protonation state of residues at the entrances and exits of the proton channels in HCOs
are affected by the pH on each side of the membrane, and thissegplected to affect the
proton pumping and redox activities of the enzymes. The effect of pH on the oxygen
reduction activity was found to be different for the two sides of Rhodobacter sphaeroides

cytochrome c oxidase. In particular, the enzyme activity was observed to change with the pH
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at the N-side (proton entrancef the enzyme, but remained relatively unaltered upon
changing the pH at the P-side (proton exit) [20].

We have recently published a novel methodology in which the proton transport activities
of single cytochrome haeenzymes are continuously monitored for hundreds of seconds [16].
In this method, which is schematically shown in Fig. 1, proteoliposomes are prepared with a
low proteinto-lipid ratio, such that only 1 in ~10 liposomes contains a (single) cytochrome
bos. The (proteo)liposomes are sparsely adsorbed on transparent, gold coated, microscopy
slides so that individual vesicles can be optically monitored. The pH in the lumen of the
(proteo)liposomes is monitored v@danembrane impermeable pH-dependent fluorescent dye
which are encapsulated in the vesicles. After a set period of time, typically 100s, the
ubiquinone pools in the (proteo)liposomes are electrochemically reduced, which initiates and
sustains proton transportation by cytochromgib@roteoliposomes. The electrical potential
is switched off again after a set period of time, usually 100s, and the enzymes enter their rest
state as the ubiquinol pool in the vesicles is exhausted within the temporal resolution of the
experiment [16]. Fluorescence images are taken continuously throughout the three stages of
the experiments: the pre-potential period (enzyme at rest), potential window (enzyme active),
and post-active period (enzyme at rest). The experiments were carried out on the wild-type
(WT) cytochrome bgin the absence and presence of valinomycin, which abolisheand
on E286C cytochrombos in which the glutamat&gate’ has been mutated. This mutant still
reduces oxygen to oxidiaébiquinol, transporting “chemical protons” across the membrane

in the process, but is unable‘f@ump” protons [21].
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Fig. 1. Schematic representation of the experimental method. A custonelbathtochemical cell enables the
continuous monitoring of the fluorescence signal with an inverted migresd®roteoliposomes with a low
proteinto-lipid ratio are sparsely adsorbed on a transparent gold coated slide, whicls an electrode in a 3-
electrode system: working electrode/gold electrode (W.E.), counter elec€deg, (@and reference electrode
(R.E.). While fluorescent images are recorded, a potential of -0.2\targlasd hydrogen electrode (SHE) is
applied to the W.E. to reduce the ubiquinol pool within the liposomkigh initiates and sustains the proton
transport by the reconstituted cytochrobw complexes. The pH change in the lumen of the proteoliposomes
as the result of the enzyme activity, is monitored by recording tterefluence signal of a membrane
impermeablepH-sensitive dye that is encapsulated in the (proteo)liposomes.



Single-enzyme measurements have the key ability to detect rare conformational states and
the single-enzyme experiments on cytochrdiogidentified the previously unknown long-
lived “stalled” and“leak’ states [16]. In the stalled state, cytochrome dtops transporting
protons in spite of the supply of ubiquinol and oxygen. More surprising was the observation
of leak states during which protons rapidly and freely flowed backwards, dissipating the
transmembrane energy gradients [16]. In our previous work, we showed that the relative
frequency of the enzyme entering either the stalled or the leak state is correlated to the ApH
[16]. Using a similar methodology, similar stalled and leak states were also observed in
single-enzyme studies of the prototypic proton-pumping P-type ATPase from Arabidopsis
thaliana isoform 2 (AHA2) [22]. In the present study, we have extended our single-enzyme
analysis of cytochrome b@nd show that (a) increased membrane curvature reduces proton
pumping activity (b) leak states might be retainleglcytochrome bgdirectly after turn-over

has been halted and; (c) proton transport activity is mostly affected by the pH on the P-side.

Results and Discussion

Fig. 2 shows examples of the time traces of individual proteoliposomes and liposomes.
The two vertical dotted lines indicate the time period during which the potential is switched
on and off again. A potential 6D.2 V vs Standard Hydrogen Electrode (SHdEapplied as
we have previously shown that reducing the potential below -0.2V does not further enhance
the activity and hence the ubiquinone-10 reduction is no longer rate limiting [23].
Cytochrome bgis thus active in between the dotted lines. The pH change in the lumen of the
(proteo)liposomes has been converted to the number of transported protons, taking into
account the size of the individual proteoliposomes and buffering capacity of individual
components in the system (see Material and Methods for details). Positive number of
transported protons corresponds to protons being translocated out of the vesicle (from the
lumen to the bulk solution), and vice versa. The presence of proton transport in both
directions reflect the random orientation of the complex. The majority (~85%) of the time
traces are flat and featureless (Fig. 2 bottom right) because at this low podipid-ratio
most of the vesicles do not contain a cytochromgdomplex. Of the proteoliposomes that
show active proton translocation, the majority (>80%) show a constant steady-state activity,
demonstrated by linear increase or decrease in the number of transported protons while the

potential is applied (Fig. 2, top).
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Fig. 2. Examples of time traces of individual proteoliposomes/liposonmstivi@ number of transported
protons corresponds to outwards proton translocation (from @#i@uar space to the bulk solution), and vice
versa. Example traces are given for proteoliposomes where protopsiaped throughout the application of
the electrical potential without observable proton leakage (top left & top rigbthrpleakage observed in the
post-active period (middle left & middle right), and proton leakageervks within the electrical potential
window which appears to continue into the post-active period (hd#é). An example of liposome without
cytochromebos is also shown (bottom right). Solid red lines are fits to the data @@lig as explained in the
text. Proton uptake/release activity was initiated by applying an electrical potential b&®@=eand 200s as
indicated by the vertical dashed lines.



Effects of membrane curvature

Membrane curvature affects the activity of many membrane proteins, and some membrane
proteins have been shown to change membrane curvature [24-26]. In Fig 3, the proton
translocation activity of cytochrome b thus analyzed in relation to proteoliposomes size,
which indicates that the proton transport rate is indeed correlated to the membrane curvature.
We note that to compile Fig. 3, only data has been used where cytochreraetitely
transport protons, i.e., stalled and leak states have been omitted. As explained in the
introduction, pH changes in the lumen are measured via an encapsulated fluoresdére dye.
size of proteoliposomewere determined independently, by doping the lipid vesicles with
fluorescent lipid analogues and using the intensity of this fluorescence to determine the size,
which is calibrated using dynamic light scattering [27]. As shown in the top of Fig. 3 (white
bars), the rate of pH change is largely constant with proteoliposome size. However, the
volume of the internal lumen and the number of phospholipids in a vesicle are depe@ndent o
its size and both properties affect the buffer capacity of the vesicle. As a result, smaller
vesicles should display larger pH changes when a fixed number of pistbassported.
Indeed, when the rates of pH changes (which are size independent) are converted to the rates
of proton transportation (see Materials and Methods for details), cytochrafeedivity is
shown to be strongly dependent on the proteoliposome size, i.e., the enzyme is more active in
low-curvature membranes (Fig. 3, bottorhis is in agreement with earlier studies that
suggest that the structure and function of transmembrane proteins can be influence by
membrane curvature [28-31].

In the single enzyme proteoliposomes, cytochromdsfound in both orientations, either
transporting protons into or out of the lumen. The effect of membrane curvature was also
determined for either orientation separately, but no significant differences were observed
between both orientations (not shown) and hence, in Fig. 3, transport by cytochegoime bo
both orientations is combined. Cytochrome; bas a large degree of asymmetry with the
ubiquinol active site and proton entry and exit sites on different sides of the membrane. The
absence of any effect on protein orientation is thus perhaps unexpected, but consistent with a
model in which higher membrane tensions induce general allosteric effects on enzymes as a
whole (rather than in orientation dependent manner) [28-31].

The effect of membrane curvature is sufficiently large that it should be observable in
ensemble experiments. To test this, an ensemble experiment was performed in which the
decylubiquinol (DQ) oxidation activity of cytochrome sbowas determined in
proteoliposomes of different sizes. Proteoliposomes were prepared identically to the single-
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enzyme experiments, but with a higher proteuiipid ratio. Ten freeze-thaw cycles were
performed to increase size of the proteoliposomes to a diameter of 518 + 23 nm, which was
determinedy dynamic light scattering (the polydispersity index, PDI was approx. 0.52). The
DQ oxidation activity was found to be 39 + 3 DQ/s (at a DQ concentration ofV34 The
same proteoliposome preparations were then extruded to reduce the size of the vesicles to 95
+ 1 nm (PDI was approx. 0.06) and the activity was measured again under identical condition
to be 21 £ 2 DQ/s, approximately half of that observed for the larger vesicles. Although the
ensemble experiments show less effect of curvature than the single-enzyme experiments, they
still confirm the general correlation between activity and vesicle size. The fact that the
ensemble experiments show less effect of curvature might be due to a number of reasons,
including the higher PDI of the larger vesicles, which indicates a mixture of vesicle sizes for
this preparation.

The transport of protons into or out of the proteoliposomes contributes ta\pdtiand
Ay, but only the former is determined in our experiments. At sufficiently high pmf, the
activity of cytochromebos is expected to decrease, but without quantifyiggthis cannot be
experimentally confirmed. To study the effectAf in the single enzyme experimentsy
was abolished by the addition of valinomycin in a potassium buffer (Figw® opposing
effects were observed. First, adding valinomycin resulted in the anticipated increase in proton
transporting activity, but only for vesicles smaller than ~140 nm. This effect, which is more
clearly seen in the rate of pH change (Fig. 3, top), appears to be eliminated for larger vesicles,
such that proton transport activity slightly decreased. We propose that in the smaller vesicles,
proton transport creates a significaxy, which together wittApH, limits the activity of
cytochrome bg When Ay is abolished by the addition of valinomydBR], the average
proton transport rate increases. In contrast, in the larger vesicles, the buildsypbgf a
single enzyme might be less pronounced and a previously observed, direct inhibitory effect of
valinomycin [33] might offset the effect of dissipaginy. The increased error bars in proton
transport for larger diameters (Fig. 3, bottom) make it hard to record the anticipated plateau

for larger vesicles.
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Proton leakage in the post-active state

An example of a long-lifetime proton leak state that is occupied by cytochrommder
turn-over conditionss shown in Fig. 2, bottom left. We have presented a detailed analysis of
these rare leak states under turn-over conditions previously and they were observed in 7.2%
of the proteoliposomes [16]. Here we extended this analygisesting whether proton
leakage continues when the electrochemical potential is switched off and, consequently, the
ubiquinol substrate is depleted. Hereafter, cytochromelbong this period will be referred
to as in the‘post-active state

As described in the method section, the time traces during the post-active state were fitted
with a single-exponential curve (see also Fig. 2), where the half-life of the proton leakage is
derived from the fitted parameters. A significant proportion of the proteoliposomes with
cytochrome bg shows significant leakage in the post-active phase and more than half the
proteoliposomes show half-lives below 500 s (Figtop, white bars). However, liposomes
are known to exhibit an intrinsithackground permeability towards protons [34]. To test
whether cytochrome Rocontributes to the observed leakage in the post-active phase or
whether the leakage is due to background permeability, the same analysis was performed
with a mutant of cytochrome RoE286C. Fig. 4 (top, grey bars) shows that E286C
cytochrome bgdisplays significay fewer leakage events withhalf-live below 100 s.

We have previously performed pH jump experiments in which proteoliposomes with WT
or E286C cytochrome Bowere subjected to a sudden pH change of ~0.5 units
(Supplementary information of reference [L@8]hese proteoliposomes were prepared with a
higher protein-to-lipid ratio to ensure each liposome contained cytochrognédbe, we
havere-analyzed these pH jump experimetitsletermine half-lives of the pH gradients (Fig.

4, bottom). It is clear that in teepH jump experiments, liposomes of this study with WT (or
E286C) cytochrome kalo not exhibit significant proton leakage with half-lives below 100 s

In contrast, slower leakages with half-lives above 100 s are observed, which we ascribe to
background permeability of the liposomes.

Together, these observations show that in“flast-active state a significant fraction of
proteoliposomes with WT cytochromeg@xhibit fast proton leakage (half-lives < 100 s) that
is not due proton permeability of the proteoliposomes (i.e., background leakage). This
strongly suggest that proton leakage with half-lives below 100 s occurs through the enzyme.
It is unclear to what extend this leakage is identical to the leak state we previously identified
in proteoliposomes with WT cytochrome sbander turn-over conditions. Importantly,
leakage with half-lives below 100 s is not observed in pH jump experiment where
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cytochrome bg has not been active, consistent with the idea that cytochroged trest’
(oxidized O-state) does not leak protons. We note that the post-active leakage is observed
either as a continuation of the leakage initiated during conditions that support turn-over (Fig.
2, bottom left) or immediately when commencing the post-active period (Fig. 2, middle).
Presumably, in the former, the leak state simply continues when the electrochemical potential
is switched off at the start of the “post-active” phase.

We note that we have previously confirmed that leakage is reversible, i.e.,
proteoliposomes that display leakage return to a non-leaking state (Figure S3 of the
Supplementary Informatioim [16]). We observed that the percentage of (proteo)liposomes in
consecutive time-trace experiments on a single electrode is constant. Would leaking
proteoliposomes not be able to return to a non-leak state, this percentage would have
decreased. Furthermore, we previously also determined that addition of valinomycin did not
change the frequency by which leak states were observed[16]. This suggests that the
probability by which cytochrome b@an adopt a leak state is not dependemtywnWe note,
however, that valinomycin did affect the leak rate, suggestingAtratontributed to the
kinetics by which protons flow back once a leak state is adopted by cytochrame bo

Previously, the group of Verkhovsky showed that proteoliposomes containing cytochrome
c oxidase from either bovine or Paracoccus denitrificans exhibit faster relaxation/of the
when the enzyme is in thH@y state (theDy state is the fully oxidized form of HCO that is
formed when a fully reduced enzyme reacts with oxygen) [35]. Relaxation timieslow
0.5 - 0.8 s were observed for thg state compared to much slower xet#on (tr > 3 s) for
the reduced cytochrome c oxidase. Interestingly, the fast relaxation behavior was absent in a
mutant in which the D-channel was blocked (D124N cytochromadase), which led to the
conclusion that the fast relaxation was due to proton conductance through the D-channel in
the Oy state and that cytochrome ¢ oxidase could leak by uncoupling or slipping between
electron and proton transport. The relaxation timest) are much faster than reported here
for ApH, but the experimental systems are not directly comparable. The dissipatign of
was measured in an ensemble experiment after a photo-induced single turn-over, where the
second turn-over was limited by the presence of CO. In spite of the fact that the two
experimental systems greatly vary, we are wondering whether also the post-active leak states
could be explained by different oxidation states of cytochromeBy abruptly halting the
electrochemical ubiquinol oxidation, a heterogeneous population of cytochrgreadymes
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could arise with different oxidation states, some of which may correspond to theOgaky
state.

In this respect we note a very recent publication by the group of Brzezinski, in which
single-enzyme experiments were performed with cytochromg bat under their
experimental conditions no leak state was observed during continuous turn-over [36]. This is
in contrast to our experiments, the analysis by Verkhovsky discussed in the previous
paragraph[35] as well as leak states observed with another structurally unrelated enzyme, P-
type ATPase [22]. A detailed discussion of the differences in methodology between the two
studies and how they could be responsible for the observed difference falls outside the scope
of this paper. However, it would be interesting to examine whether there is an effect of the
different substrate homologues used in both studies (ubiquinol-1 versus the lipophilic
ubiquinol-10) and its potential correlation to oxidative and leaking states of cytochrgme bo
or whether the temporal resolution affects the observations. The fact, however, that we and
others have observed leaking in multiple structurally unrelated proton transporters suggests
that leaking could be a general feature reflecting stochastic nature of transporter function at
single molecule level.

Finally, one might question to what extend the leak states contribute to the maxphlum
that can be generated by cytochrome Btie maximum\pH observed in our experiments is
2 units, although very few liposomes are observed withtd > 1.5. 2 pH units is equivalent
to an electrochemical potential of ~120 mV, close to the value reported for the plasma
membrane in E. coli cells [37]. We have previously shown that the probability of the leak and
stalled states increases at higiagrH [16]. Thus, it is possible that whexpH reaches
saturating conditions, the enzyme simply stops or stochaststattg leaking. However, due
to the low number of liposomes that are obtainetipht > 1.5, it is hard to make statistically
robust conclusions on whether and, if so, how the leak dtate#sthe maximum attainable

ApH.
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pH effects on proton transport activity

As discussed in the introduction, the pH on the N-side of the closely related cytochrome ¢
oxidase has been shown to be fully accountable for the overall pH-dependency aon the O
reduction activity and kinetics of proton uptake and electron transfer in the pH-inte®val 6
[20]. The aforementioned study was performed at the ensemble level and the pH in the lumen
and extravesicularipulk”) buffer were set so that the enzymes did not work againpta
In contrast, the present study investigates cytochromerbthe single-enzyme level. Here,
when cytochrome has activated and starts transporting protons, the lumen pH increases or
decreases depending on the random orientation of the protein complex in the proteoliposome
(Fig. 2). The extravesicular pH remains constant at 7.4 because the volume of the lumen of
proteoliposomes absorbed in the surface is negligible compared to the relatively large volume
of buffered solution.

If the intravesicular pH is the same as the outside, the enzymes build a ApH against the
proton transportation as soon as they become active. Importantly, however, before activating
cytochrome bg(the pre-potential period), the pH in the lumen was observed to vary between
single proteoliposomes with a distribution around the bulk pH 7.4. Thus, the distribution of
the lumen pH at the start of the time traces enables us to monitor enzymes transporting proton
along, as well as againgipH, while at the same time monitor the effect of absolute pH
values. As both orientations of the enzymes in the proteoliposomes are present, the present
study contains data for 4 types of condition for proton transportation: outwards agatst
(Fig. 5, left, shaded bars), outwards alamqH (Fig.5, left, clear bars), inwards againgtH
(Fig. 5, right, shaded bars), and inwards alapdd (Fig. 5, right, clear bars). Fig. 5 (top)
shows that the pH-dependency of WT cytochromgibdlifferent on the two sides of the
enzyme: proton uptake at the N-side (proton entrance, Fig. 5, left) is insensitive to pH
between pH 6.4-8.4 (the seemingly higher ratdswer pH are not statistically relevanit)
contrast, proton release at the P-side (proton exit, Fig. 5, right) has an optimum pH of about
7.4. The same experiment was repeated in the presence of valinomycin to negate any
potential contribution oAy (Fig. 5, middle). A similar pH dependency is observed with
valinomycin, although there is now a possible pH effect apparent at the N-side, but with a
much smaller magnitude as that of the P-side.

Cytochrome bghas two proton channels conserved in the Type-A heme-copper oxidases,
known as the K- and D-channel, both of which lead to the heme-copper BNC where oxygen

is reduced [1, 4, 9, 38]. The K-channel transports protons required for the oxygen reduction
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and the D-channel transports both protons for oxygen reduction and all the pumped protons
[5-8]. Both channels take up protons from the N-side, but some of the protons taken up from
the D-channel are transported to a currently unidentified proton exit site at the P-side. In
cytochrome bg unlike the cytochrome c oxidases, protons released from the ubiquinol
oxidation reaction are also released to the P-side. To differentiate between the two proton
releasing reactions (i.e., the pumped protons and protons released by ubiquinol oxidation) we
again resorted to the E286C mutant, which does not pump but still releases protons from
ubiquinol oxidation to the P-side. Fig.5 (bottom right) indicates that while proton uptake
from the N-side is qualitative similar to WT cytochrome,libe pH dependency on proton
release at the P-side is not detected in the mutant. We therefore propose that the pH-
dependency of proton transport activity by WT cytochromgiddue to proton release at the
proton-exit site.
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Conclusions
Using single-enzyme data, three enzyme propertiea dCO, cytochrome hp were

established. The proton transport rate is insensitive to pH bep¥&émM-8.4 on the N-side

of the enzyme, while on the P-side the activity is optimal at a pH of about 7.4. Second, the
proton transport rate is positively correlated to the size of the proteoliposome, i.e., the
enzyme activity is negatively affected by membrane curvature. Finally, cytochrgnoarbo

enter a leak state either during turn-over or upon halting turn-over. While this suggests one of
the intermediate oxidative states may be linked to leakage the mechanism by which

cytochrome bgleaks protons is currently unknown and is subject to further studies.

Materials and methods
Protein purification and reconstitution

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Wild-type and
E286C cytochrome howere purified from Escherichia coli C43 strains with the @gene
knocked out from chromosome, where proteins were expressed from pET plasmids
containing the corresponding gene sequences [21]. Wild-type cytochromeasoalso
purified from GO105/pJRhisA [23] for comparison. Proteins were purified[39] and
reconstituted[40] similarly as previously reported.

Cells expressing cytochrome dbfypically in batches of 4 L culture) were resuspended
after centrifugation (7000 g for 10 min) in W1 buffer (20 mM MOPS, 5 mM MgS0 mM
NaSO,, pH 7.4) at 0.25 g cells/mL and were lysed by two passages through a cell disrupter
(Constant Systems) at 35 kpsi. The lysed cells were centrifuges at 11000 g for 10 min to
remove debris. The supernatant was further centrifuged at 100000 g for @ &t Barvest
the cell membranes, which were resuspended in W1 buffer. After determining the protein
concentration with a bicinchoninic acid (BCA) assay, the membranes were diluted to 3-4
mg/mL protein in solubilization buffer (20 mM tris/HCI, 5 mM Mgi @00 mM NacCl, 20
mM imidazole, 10% glycerol and 1% n-dode@ymaltoside DPDM, Anatrace), pH 8.0) and
incubated 1 h at 4C. The mixture was again centrifuged at 100000 g for 45 min to remove
insoluble material, after which the supernatant was loaded on a Ni-sepharose column (GE
Healthcare, 2 mL Sepharose 6 Fast Flow) that was pre-equilibrated with equilibration buffer
(20 mM tris/HCI, 5 mM MgC4, 10% Glycerol, 250 mM NaCl, 20 mM imidazole, 0.05 %

DDM). The column was washed with at least 20 mL equilibration buffer A and then 20 mL
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wash buffer B (same as equilibration buffer A, but with 40 mM imidazole). The protein was
then eluded using a linear gradient in which the imidazole was increased to 200 mM. The
protein was concentrated, and the buffer was exchanged for 20 mM MOPS, 30 mM NaSO
pH 7.4 in a 100 kDa MW cut-off ultrafiltration column (Vivaspin, Generon). After the
protein concentration was determined with a BCA assay and using the adsorption of the Soret
band at 408 nm, aliquots were stored at*@Cat a concentration between 2@0 uM after

snap freezing in liquid nitrogen.

Cytochrome bgwas reconstituted in E. coli polar lipids (Avanti Lipids). 5 mg of E. coli
polar lipid was dissolved in 95 puL chloroform to which 50 pL 1 mg/mL ubiquinone-10 (in
chloroform) and 20 puL (1 mg/mL) ATTO633-DOPE (ATTO-TEC GmbH, Germany) in
chloroform was added. After the mixture was dried under vacuum for at least 1 h, it was
hydrated in 0.5 mL of 20 mM MOPS, 30 mM Nag®@ mM 8-hydroxypyrene-1, 3, 6-
trisulfonic acid trisodium salt (HPTS) and 55 mM odiy>-glucopyranosde (OG). After the
lipids were dissolved in this detergent solution, cytochromenas added at a low protein-
to-lipid ratio (0.073% w/w) and incubated on ice for 15 min. The mixture was then incubated
sequentially in 0.05, 0.1 and 0.1 g of SM-2 Biobeads on ice for 1 h, 1h and 2h, respectively.
After diluting the mixture (without the biobeads) with 20 mM MOPS, 30 mM Nafb 7.4
to about 25 mL, the mixture was centrifuged at 100000 g for 1 h &€ 4nd the
proteoliposome pellet was resuspended in 0.5 mL of the same buffer. Finally, the
proteoliposomes solution was centrifuges at 17000 g for 5 min to remove debris and the
supernatant was stored at@ and used within 48 h for the single-enzyme electrochemistry-

fluorescent experiments.

For the ensemble experiments, the same reconstitution protocol was used but at a higher
proteinto-lipid ratio of 1% (w/w). After reconstitution, the proteoliposomes were treated
with 10 freeze-thaw cycles to increase the average size of the vesicles. The size of the
vesicles was measured with DLS as previously described [41]. The decylubiquinol oxidation
activity was measured after which the liposome size of the same preparation was rgduced b
extruding them through 100 nm track-etched membranes and the activity measurement was
repeated. The enzymatic activity assay was similar to that outlined in Rumbley et al. [39]
First the substrate, decylubiquinone (Sigma-Aldrich), was solubilized in absolute ethanol.
The concentration of the prepared decylubiquinone solution was confirmed spectroscopically
at 275 nm (¢ = 19 mM™cm? in absolute ethanol). Decylubiquinone@pwas reduced to

decylubiquinol using sodium borohydride crystals in a method similar to that described in
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Trounce et al. [42]To remove excess hydride ions remaining in the solution, 0.1 M HCI was
added (1 pL per 10 pL of DUQ solution). For the assay, 70 pL of prepared proteoliposomes
(5 mg/mL lipid), and 20 pL of 1.695 mM reducB) was diluted in HEPES buffer (40 mM
HEPES, 20 mM NacCl, pH 7.4) to a final volume of 1 mL and the oxidatioD@fwas
monitored at 275 nm (¢ = 12.25 mM™cmit in aqueous solution) for 5 min. The activity of
cytochrome bgis calculated by converting the absorbance reading at 275 nm into pmoles of
DQ (using € = 12250 M* cm™; [43]) and plotted against time. The initial slope of the curve in

a plot of pmoles oDQ against time (gradient of the initial 20 seconds) is calculated and
converted to represent ratel®® turnover per cytochrome javhere we used the previously
determined reconstitution yield of ~50% [16, 44] (i.e., final proteitipid ratio is ~0.5%

(w/w; ~25 pg/mL in the proteoliposome solution) and a molecular weight of cytochragme bo
of 144 kDa (i.e. ~0.17 pM in the proteoliposome solution).

Electrochemistry-microscopy measurement

The experimental set-up was described in detail elsewhere [16].
Proteoliposomes/liposomes were sparsely absorbed to a highly smooth gold electrode
functionalized by 6-mercapto-1-hexanol. Images dimde-resolved image series were
recorded using an inverted epi-fluorescence microscope (Nikon Instruments, U.K.). The
frame rate is 2.6s. Typical image series contain about 500-1000 lipid vesicles. The
ubiquinone pool inle vesicles’ lipid bilayer can be electrochemically reduced (-0.2V vs.
Standard Hydrogen Electrode) and indggbxygen reduction and proton uptake/release in
cytochrome bg@ The recording of images starts without an electrochemical potential (pre-
potential phase) followed by a 100s-phase (within-potential phase) with the electrochemical
potential applied to the gold electrode (cytochromgdam transport protons in this phase).
The potentiostat was then switched off again but the image recording would continue for
certain amount of time (post-active phase). The total time span for each recording session is
300s. When the electrochemical potential is terminated, the proton uptake/release activity is
found to halt within the time resolution of this study and, thus, the enzyme activity is tightly
controlled by the potentiostat. There is a minimum of 15-minutes waiting period between
each recording to allow the ApH and membrane potential to dissipate, and the fields of view
of different recording sessions do not overlap. Typically, 5 recordings were done on each
gold electrode. Each experimental system (wild-typg B@86C mutant and valinomycin)
contains data collected from different batches of purified proteins and with each protein batch,

recordings with multiple electrodes were made. The number of independent lipid vesicles in
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the experiment with the wild-type enzyme was about 69,000, of which about 4000 vesicles
exhibit proton uptake/release. When required, valinomycin was added to a final concentration

of 10 uM as described in detail elsewhere [16].

Data Analysis

The data analysis procedure is written in MATLAB language and was described in detail
previously [16]. Before the start of an experiment a single fluorescence image was taken to
obtain the ATTO-633 fluorescence intensity of individual proteoliposomes/liposomes, which
was used to calculate the radius (r) of the individual proteoliposomes/liposomes. Time-
resolved imaging data were recorded for HPTS fluorescence. Image series were registered
and corrected for drifting using ImageJ StackReg plug-in [45]. All subsequent analysis was
performed in MATLAB R2015a (MathWorks, Massachusetts, U.S.A.) using user-written
code. Lipid vesicles were identified on each frame of the image series and a two-dimensional
Gaussian functionvas used to fit each vesicle’ HPTS fluorescence images. The ratio of the
fluorescence intensity of HPTS with the two excitation filters was used to calculate the pH

inside the individual proteoliposome/liposomes at the time of measurement, according to:

pH = pKy,p, + log(

R—Ra>
R, —R

where R is the measured intensity ratio using the two excitation filtegs, iBKhe apparent
pKa value of HPTS and fZand R are the fluorescence intensity ratios of the protonated and

unprotonated forms of HPTS, respectively.

The cumulative number of protons taken/releaggtl () was then calculated based on
the diameter of lipid vesicle, the pH change of a vesicle compared to the beginning of the
recording (i.e., ApH); = pH — pHo; where pHis the pH at time t and pHhe average pH of
the pre-potential phasand the buffering effect of MOPS buffexH vops), HPTS AH 1pTo)
and the lipids £H"jpias), according to:

AH{ 1 = AHfjops + AHfiprs + AH 4

In this definition, AH ot €quals O at time=0. The concentrations of MOPS buffer and
HPTS encapsulated within the lipid vesicles were assumed to be the same as the bulk solution.
The buffering effect of MOPS and HPTS was calculated using a simple reordering of the
Henderson-Hasselbach equation, taking into the account the internal volume (lumen) of the

proteoliposomes (V) and the concentration of MOPS and HPJ&dand ¢prg). Positive
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AH" is defined as protons being transported from the lumen of the vesicle to the outside bulk

solution.
V=znr
3 nr
CMoPS CMoPS
10(pH0_pKaM0ps) + 1 10(th—pKaMOPS) -|— 1

CHPTS _ CHPTS >

AHI-'I-PTS = NAV<
10(pH°_pKaHPTs) +1 10(th_pKaHPTS) +1
where pK_wmoes and pK _wprs are the ps of MOPS and HPTS, respectively ié the

Avogadro constant.

The lipids are obtained from an E. coli extract and are a complex mixture of various lipids
with different pks, where cardiolipin has been described to exhibit a complex protonation
behavior around neutral pH [46]. Hencég tlipids’ buffering capacity was determined
empirically by a titration of liposomes between pH 3 and 11 beforehand and fitted™o a 5
degree polynomial (R> 0.99). To avoid overfitting, the smallest number of parameters was
used without introducing obvious fitting errors. At tHedegree, a fitting error over 8% was
observed at pH=6 and hence & degree polynomial was used. The buffer capacity was
defined as AH" per lipid molecule as the function of pH (as determined from the pH titration).
To do this, we estimated a weighted average of the lipid molecular weigahanérage of
the surface area per lipid moleculejffneadgrouy [47]. Various alternative models were
considered to fit the pH titration and describe the buffer capacity of the E. coli extract, but
alternative models were not found to significantly change the determination of AHota. The
lipid surface area of the individual single vesicles was estimated from the vesigle size
according to:

A = 4nr?
N = A/ Ajipid headgroup

AHp g = N ((athS + bpH.* + cpH,> + dpH,* + epH,)

- (apHO5 + bpHy* + cpHy® + dpH,y? + epHo))
where N is the number of lipid molecules in a vesicle, which is calculated from the vesicle
surface area (A) andf neadgroup @, b, C, d anae are the parameters of the polynomial
function that are obtained by fitting the results of the titration of a liposome solution (see

above).
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The sections of time traces recorded after the applied potential was switched off were
fitted with an exponential decay function, where it was assume the pH would return to the pH
in the lumen before the experiment started (i.e. pre-activity pH). We also analyzed the data
assuming the pH would return the bulk pH (7.4) and, qualitatively, this produced the same

results.

The sections of the time traces within the potential window were then analyzed using user-
written code to detect the proton taken up/released and leaking events. This automatic
analysis is based on the hypothesis that a correlation between the pH/number-of proton taken
up/released and time indicates either an active proton uptake/release or leaking event. It
consists of fitting the data to models of one or multiple joint lines and, for each line
(segment), the calculation of Kendall tau rank correlation coefficient. In order to prevent
over-fitting of the trace by multiple lines, the fitting would start with a single linear
regression (a single segment). If the standard deviation of the residual was less than 110% of
the standard deviation of the trace, the procedure was stopped and the Kendall tau value
determined. The standard deviation of the trace is independently determined using the data
prior to the application of the potential. It is assumed that the intravesicular pH before the
applying a potential is constant and that the noise level is consistent during the entire trace. If
the standard deviation of the residual of the segment is higher than 110%, the data is fitted to
two joined segments (i.e., the start of the second segment joins with the end of the first
segment), where an iterative process is used to determine, based on the best fit, at which
time-point the two segments are connected. If any of the segments still has alnegida
standard deviation above 110%, this process is continued. To further check if the use of
multiple segments is statistically justified, adjustedvRlues are determined for fits using
one, two or more segments, and the fit with the highest adjudtedlfe is used. Adjusted
R?is a suitable indictor because it takes into account the increase of the number of the
variables in a fit. P-values were calculated as part of the Kendall test on the resolved sections
from the model fitting and only the sections of time traces with P-values below the threshold
of 0.05 (95% confidence level) were accepted as proton uptake/release or leaking events.
Proton uptake/release or leaking rates are taken from the slopes of the segments. The data
was analyzed with higher and lower confidence levels and was found to be qualitatively
identical. Finally, a leak event is defined as a change in the sign of a slope for two adjoining

segments, where it is assumed that the first segment is due to active proton uptake/release.
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Supplementary information

Time-resolved fluorescence microscopic data (traces) of individual lipid vesicles with
proton transport activity by single WT cytochrome;,bmeasured during this research, are
openly available from the University of Leeds data repository at http://doi.org/10.5518/151.
The MATLAB code for the analysis of proton transport activity in single liposomes is also

openly available from the University of Leeds at http://doi.org/10.5518/150
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Highlights
e Proton transport measurements of single heme-copper oxidases

e Activity decreases with curvature of the lipid membrane
e Activity dependent on pH on the P-side, but not the N-side of the protein

e Contribution to proton leakage after turn-over has been halted
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