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TRANSPORTER FUNCTION

Direct observation of proton pumping
by a eukaryotic P-type ATPase
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In eukaryotes, P-type adenosine triphosphatases (ATPases) generate the plasma
membrane potential and drive secondary transport systems; however, despite their
importance, their regulation remains poorly understood. We monitored at the single-
molecule level the activity of the prototypic proton-pumping P-type ATPase Arabidopsis
thaliana isoform 2 (AHA2). Our measurements, combined with a physical nonequilibrium
model of vesicle acidification, revealed that pumping is stochastically interrupted by long-
lived (~100 seconds) inactive or leaky states. Allosteric regulation by pH gradients
modulated the switch between these states but not the pumping or leakage rates. The
autoinhibitory regulatory domain of AHA2 reduced the intrinsic pumping rates but
increased the dwell time in the active pumping state. We anticipate that similar functional
dynamics underlie the operation and regulation of many other active transporters.

E
lectrochemical gradients across cellularmem-
branes control many essential biological pro-
cesses. These gradients are generated by
primary active transporters and are used to
drive the exchange of other solutes through

secondary active transporters and to facilitate
signaling through ion channels (1). Patch clamp
recording has made it possible to observe the
functional dynamics of single ion channels, re-
vealing discrete on and off states, subconduc-
tance states, and other mechanistically important
features that macroscopic experiments cannot
probe (2). However, despite extensive structural

and biochemical efforts (3), we currently lack a
similar depth of understanding of transporters,
because they in general do not produce electrical-
ly detectable single-molecule transport signals
(4–8). We monitored at the single-molecule level
the functional dynamics of a eukaryotic primary
active transporter, Arabidopsis thaliana H+–
adenosine triphosphatase (ATPase) isoform 2
(AHA2, referred to as the proton pump), which is
responsible for energizing the plasmamembrane
of plants and fungi (figs. S1 and S2) (3, 9). This
provided insights into how the activity of P-type
ATPases ismodulated by autoregulatory terminal
domains (R domains) and pH gradients (10, 11).
We used total internal reflection fluorescence

(TIRF) microscopy to image with high through-
put single nanoscopic lipid vesicles tethered to a
solid support (Fig. 1, A and B, and figs. S3 and
S4). Tethering was accomplished with a biotin/
neutravidin protocol (12), which maintains the na-
tive function and diffusivity of reconstituted trans-
membrane proteins (13) and the vesicles’ spherical
morphology (14) and low passive ion permeability
(15). The fluorescence intensity of all single vesicles
was quantitatively converted to pH (fig. S5) and
tracked over periods of up to 30 min.
Initial studies were carried out on the well-

studied activated form of AHA2, which lacks the

SCIENCE sciencemag.org 25 MARCH 2016 • VOL 351 ISSUE 6280 1469

1Bionanotecnology and Nanomedicine Laboratory, University
of Copenhagen, Copenhagen, Denmark. 2Department of
Chemistry, University of Copenhagen, Copenhagen, Denmark.
3Nano-Science Center, University of Copenhagen,
Copenhagen, Denmark. 4Lundbeck Foundation Center
Biomembranes in Nanomedicine, University of Copenhagen,
Copenhagen, Denmark. 5Centre for Membrane Pumps in
Cells and Disease - PUMPKIN, Department of Plant and
Environmental Sciences, University of Copenhagen,
Frederiksberg, Denmark. 6Institute of Medical Physics and
Biophysics, Faculty of Medicine, University of Leipzig,
Leipzig, Germany. 7Cardiovascular Research Institute,
Department of Pharmaceutical Chemistry, University of
California, San Francisco, CA 94143, USA.
*Present address: Novozymes A/S, 2880 Bagsvaerd, Denmark.
†Corresponding author. E-mail: stamou@nano.ku.dk

RESEARCH | REPORTS

on
 M

ar
ch

 2
4,

 2
01

6
D

ow
nl

oa
de

d 
fr

om
 o

n 
M

ar
ch

 2
4,

 2
01

6
D

ow
nl

oa
de

d 
fr

om
 o

n 
M

ar
ch

 2
4,

 2
01

6
D

ow
nl

oa
de

d 
fr

om
 o

n 
M

ar
ch

 2
4,

 2
01

6
D

ow
nl

oa
de

d 
fr

om
 o

n 
M

ar
ch

 2
4,

 2
01

6
D

ow
nl

oa
de

d 
fr

om
 



flexibleC-terminal autoinhibitoryRdomain (AHA2R)
(Fig. 1A and figs. S1 to S3) (9). Initialization of H+

pumping into the vesicle lumen was triggered by
the addition of ATP and Mg2+, which are non–
membrane-permeable and thus only activate pro-
ton pumps with an outward-facing ATP-binding
domain (Fig. 1A) (12). Consistent with this, we
never observed lumenal alkalinization (Fig. 1C).
Acidification kinetics reached a plateau of well-
defined pH (DpHmax) as a result of a dynamic
steady state, in which active pumping (influx)
of protons matched the passive leakage (efflux)
of protons through the membrane due to the
buildup of a protonmotive force (16). As expected,
addition of the protonophore CCCP collapsed the
H+ gradients (Fig. 1C), whereas controls performed
withoutMg2+, ATP, or AHA2R showedno response
(fig. S6D). Furthermore, the activity of the pump
was blocked by the addition of the specific in-
hibitor vanadate (11), and it decayed after ATP
and Mg2+ were flushed out (fig. S7). To control
for potential artifacts arising from the surface
tethering of vesicles, we performed a side-by-side
comparison with vesicles suspended in solution,
which proved indistinguishable within experi-
mental uncertainties (Fig. 1C and fig. S6). Taken
together, these results demonstrate that we were
able to observe the AHA2R-mediated and ATP-
fueled pumping of protons against their concen-
tration gradient into the lumen of single vesicles.
The single-vesicle experiments revealed a heter-
ogeneity of acidification rates and DpHmax values
between vesicles (Fig. 1C) that remain masked in
the ensemble averages (16).
At the lowprotein-to-lipidmolar ratio (1:12,000)

used in our experiments, 84% of vesicles exhibited
no detectable pH changes (Fig. 1C and Fig. 2A,
top trace) indicating the absence of active pumps
and thus suggesting that there are only a few
active pumps in each of the remaining vesicles
whose pH changed over time (hereafter termed
active vesicles).We inspected the pH changes in the
16% of active vesicles and indeed found that all of
them exhibited the hallmark of single-molecule
behavior; i.e., stochastic changes between discrete
states (Fig. 2A). Because the passive leakage rates
of the vesicles are constant over time (fig. S10),
these data demonstrate that the individual proton
pumps are stochastically transitioning between
active and inactive states. This behavior is termed
functional dynamics (17–24) and is key to the func-
tion and regulation of ion channels (25).
Further examination of all active vesicle traces

revealed that ~60% of them reverted back to the
zero DpH baseline after switching off, strongly
suggesting the presence of only one molecule,
because it is improbable for many molecules to
switch off simultaneously (Fig. 2A). In the re-
maining traces (~40%), we observed two or three
discrete plateaus, a feature that has been observed
in all studies of single channels to date and has
been interpreted to demonstrate that the activity
of multiple single molecules can be discretely re-
solved. The latter conclusionwas further supported
by experiments in which titration of the protein–
to-lipid ratiomodulated the percentage ofmultiple
plateaus (fig. S5G), excluding the possibility that

multipleplateaus representmultiple single-molecule
activity states. These observations allowed us to
unambiguously identify the traces resulting from
a single active proton pump, which we then se-
lected for further analysis. The activity of single
proton pumps was amplified and reported by
~103 pH-sensitive fluorophores (figs. S3 and S4)
(16), circumventing the issue of photobleaching
that fundamentally restricts most fluorescence
studies of single molecules.
Dynamic transitions between active and inac-

tive states were also observed in experiments with
wild-type AHA2 (Fig. 2C), demonstrating that
they are not solely a property of the truncated
version. Here ~80% of all vesicles were inactive,
whereas ~73% of those that showed activity had
a single plateau indicating a singlemolecule (Fig.
2D). With wild-type AHA2, we succeeded in using
a SNAP-tag to fluorescently label the protein
and count directly the number of proteins per
vesicle (Fig. 2E). This allowed us to observe
activity dynamics and directly count the number
of labeled proteins at the same time on the same

vesicles (Fig. 2C and 2E). We then estimated the
labeling efficiency and the probability that a pro-
ton pump was active (12). We were thus able to
quantitatively convert the bleach-step distribution
to a distribution of active molecules per vesicle
and demonstrated that 70 ± 15% of active pro-
teoliposomes carried one activemolecule (Fig. 2F).
This was in quantitative agreement with the dis-
tribution of activity plateaus (~73%) (Fig. 2D), pro-
viding an additional demonstration that we can
resolve and record the functional dynamics of the
proton pump at the single-molecule level.
The activity of the proton pump, and probably

other active transporters, is thus not constant in
time (Fig. 2). Therefore, for transporters (just like
ion channels), the rates measured in macroscopic
experiments are the product of the active-state
probability and the intrinsic pumping rate. To
quantitatively analyze the kinetics and dynamics
of pumping, we constructed a physical model of
a single vesicle (12), which accounts for several
parameters that affect the acidification kinetics,
including passive and active ionic fluxes across
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Fig. 1. Imaging proton pumping into the lumen of single surface-tethered vesicles using TIRF
microscopy. (A) Illustration of AHA2 reconstituted vesicles tethered to a passivated glass surface and
imaged on and individual basis with TIRFmicroscopy. Zoom: Extravesicular addition of both ATPandMg2+

activated exclusively outward-facing AHA2 molecules, triggering H+ pumping in the vesicle lumen. We
quantified changes in the vesicular H+ concentration by calibrating the response of the lipid-conjugated
pH-sensitive fluorophore pHrodo. Valinomycin was always present to mediate K+/H+ exchange and
prevent the buildup of a transmembrane electrical potential. (B) TIRF image of single vesicles tethered on a
passivated glass slide. (C) Acidification kinetics of single vesicles upon addition of ATP and Mg2+. Red
traces highlight three representative signals from single vesicles, showcasing the absence of transport
activity, the continuous pumping of protons, and fluctuations in proton-transport activity.The black trace is
the average of ≈600 single-vesicle traces. As expected, addition of the protonophore CCCP collapsed the
proton gradient established by AHA2R.
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the membrane, proton buffering in the lumen,
vesicle size, and buildup of membrane potential
(Fig. 3A) (26). Proton pumping is modeled with a
fixed rate (IP), a lifetime (ton), and time between
pumping events (toff) Fig. 3, A and B. The vesicle
is assumed to have a passive membrane perme-
ability to protons (Pleak), which is constant over
time, as revealed by control experiments (fig. S10).
The stochastic switching of the pump between
active and inactive states was extracted directly
from the traces and used as time-dependent in-
put to the model. The model is constrained to fit
the entire trace, and it provides a realistic de-
scription of the full electrochemical gradient and
a direct estimation of the absolute numbers of
pumped and leaked ions.
Initially, all experimental traces were fit with

the model by varying two parameters: IP and

Pleak. This provided a good quantitative descrip-
tion of the majority of AHA2R traces (~65% of
126 counts, fig. S8); however, it systematically
underestimated the observed leaking rates for
the remaining traces (Fig. 3B, blue line), suggest-
ing the existence of an additional proton-leaking
route apart from passive leakage through the
membrane (fig. S8). Indeed, leakage of ions through
transporters has been reported before; e.g., for P-
and V-type ATPases (27, 28). To test this hypoth-
esis, we collected all lifetimes of exponential fits
to the leakage kinetics from traces transitioning
between active and inactive states. The histo-
gram of leakage lifetimes (fig. S9C) had two
clearly separated peaks: one that according to
control experiments corresponded to passive leak-
age through the membrane (a transmembrane
leak) and another that was approximately 20

times faster (figs. S9 and S10). The latter peak
was specifically inhibited by the addition of
vanadate, which locked the pump in the E2 state
(11) (fig. S9D), demonstrating that the leak is not
passivelymediatedby themembrane (or theprotein/
membrane interface) but by the pump itself. Be-
cause vanadate is membrane-impermeable, we
can exclude the possibility that the fast-leak com-
ponent originated from pumps with the op-
posite orientation, because they would not be
blocked by vanadate. We thusmodified themod-
el to include a time-dependent transprotein pro-
ton leak (PAHA2), which turns on once pumping
stops and turns off at the beginning of the next
pumping cycle (Fig. 3C, blue dotted line). As ex-
pected, the revisedmodel considerably improved
the fits of the remaining traces (Fig. 3B, red line,
and fig. S8).
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Fig. 2. Single-molecule observation of proton pumping reveals active and
inactive states. (A) Typical examples of pH changes inside individual AHA2R

reconstituted vesicles. ATP and Mg2+ (2 mM) were added to initiate proton
pumping, and CCCP (5 mM) was added to collapse the pH gradients. Traces
show −DpH defined as a difference between the initial and final pH. Images of
each respective liposome at different time points are shown below each trace.
At the right-hand side of the traces, we plotted histograms of pH plateaus
numbered to indicate the number of active pumps per vesicle. The pH inside
the majority of vesicles showed no changes indicating the absence of func-
tional transporter molecules (top panel). For the majority of active vesicles, we
observed intermittent H+ pumping, indicating the presence of singlemolecules
(middle panels). The observation of two discrete steady-state pH plateaus in

single-vesicle traces indicated the occasional presence of two active pumps
per single vesicle (bottom panel). (B) Population histogram of pH plateaus for
AHA2R-reconstituted vesicles (n = 3, where hereafter n is the number of
independent experiments). (C andD) Same as in (A) and (B) but for full-length
AHA2. For (D), n = 2. Labeling of AHA2 with Alexa Fluor 647 enabled counting
on the same vesicles of both the number of labeled AHA2 proteins (E) and of
the respective activity dynamics (C). (F) The histogram of active proteins per
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Next, we quantitated proton permeabilities by
fitting the kinetics with the model. The average
transmembrane leak Pleak (Fig. 3D and fig. S11)
was ~7 × 10−5 cm/s, which is in line with previous
measurements and estimates (26), and the aver-
age transprotein leak PAHA2 had a similar value
(~46 × 10−5 cm/s) (Fig. 3D). However, when
normalized for surface area, the transprotein pro-
ton current was greater than the transmembrane
by a factor of ~104.
The inhibitory R domain of AHA2 has been

shown to reduce the net macroscopic proton trans-
port rate by ~twofold (10, 11). In order to elu-
cidate the mechanisms underlying this regulation,
we characterized the activity of the proton pump
with andwithout theRdomain. Counterintuitively,
the autoinhibitory R domain increased the total
time the transporter spent in the active state, both
by increasing ton ~threefold (from 337 to 951 s, P =
10−19) and by decreasing toff ~0.5-fold (from 121
to 65 s, P = 0.05) (decay constants of exponential
fits to the distributions in Fig. 3, F and G; unless
otherwise stated, P is a Kolmogorov-Smirnoff test
of statistical similarity between two distributions).
Thus, the probability of finding the pump in an
active state Pon = ton/(ton + toff) increased ~200%
for AHA2 (from 0.35 ± 0.05 to 0.76 ± 0.06). Im-
portantly, 100% of AHA2R and ~60% of AHA2
molecules switched on/off during our observation
period, highlighting the fact that functional dyna-
mics is a dominant property of this system (Fig.
3F). The R domain also had a pronounced effect
on the overall intrinsic transport rates of the
pump, which were reduced by ~10-fold as com-
pared to AHA2R (from 928 to 85 protons/s, aver-
age values, P = 10−20) (Fig. 3E). In addition, the
R domain promoted an overall decrease in the
transprotein leak (~1.4-fold, P = 0.005) (Fig. 3D).
The activity of the pump was also regulated by

the pH gradients established across themembrane
during proton pumping. Increasing DpHmax de-
creased by >twofold the lifetime of the active
state, but only for the wild type (Fig. 4A, B). This
regulation seems to be transmitted allosterically
across the bilayer, because the R domain of AHA2
is facing the vesicle exterior, where the pH remains
constant. In addition, traces with larger DpHmax

had a dramatic eightfold increase (from 0.1 to 0.8)
in the probability of a transprotein leak for both
forms of AHA2 (Fig. 4C). Thus, regulation by pH
gradients can manifest through two mechanisti-
cally distinct processes that reduce the net aver-
age proton transport: reduction of the pumping
lifetime and increase of the probability of a trans-
protein leak, whereby only the former is encoded
in the R domain.
Our observations of proton transport and leak-

age dynamics at the single-molecule level also
provide critical insights into the ATP/H+ stoichi-

ometry (27, 28). Ensemble average experiments
have reported that the buildup of pH gradients
can in general alter the stoichiometry of transport
and therefore pumping rates (27, 28). Contrary to
expectation, we found that the intrinsic (single-
molecule) pumping rate remained constant for
gradients as large as 2 pH units (Fig. 3, B and C,
and fig. S12C). As discussed above, pH gradients
did reduce the net proton transport, but primar-
ily by increasing the probability of a downhill
transprotein leak (Fig. 4C). However, because the
transprotein leak takes place once the pump has
switched to the inactive state (Fig. 3C, S9), it does
not affect the actual stoichiometry of active trans-
port. In contrast, the R domain reduced the in-
trinsic pumping rates by~10-fold (Fig. 4E). Because
the R domain does not significantly affect the en-
semble average ATPase activity (10, 29), our mea-
surements suggest that the R domain can reduce
the stoichiometry of active transport by a factor of
~10 (or 20 if we correct for the change in Pon) (11).
Finally, we note that our measurements of proton
transportwere integrated over thousands of Post-
Albers catalytic cycles per second per single mol-
ecule. A better mechanistic understanding of these
processeswould ultimately require directmeasure-
ment of the stoichiometry at the level of single
turnover cycles or careful molecular simulations.
We have developed a technique to observe, in a

highly parallel manner, uphill substrate transport
mediated by single transporter molecules into
single nanoscopic lipid vesicles. Our measure-
ments revealed the existence and the dynamics
of several distinct functional states (active, inactive,
and leaky) that together defined the activity and
regulation of the proton pump, and that, we anti-
cipate, underlie the operation of many other
primary and secondary active transporters. The
assays introduced here render these processes
accessible to direct experimental observation.
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Materials and Methods 
Chemicals 

Phospholipids were used as received from Avanti Polar Lipids Inc. (Birmingham, 
AL, USA). L-α-Phosphatidylcholine (soybean, Type II-S, 14-23% choline basis) was 
purchased from Sigma-Aldrich (Brøndby, Danmark). Detergent n-Dodecyl-β-D-
maltoside (DDM) was obtained from Glycon Biochemicals (Luckenwalde, Germany). 
Unless indicated otherwise, all other chemicals and reagents were obtained from Sigma-
Aldrich (Brøndby, Danmark). 

 
The lipid-conjugated pH-sensor PE-pHrodo 

The lipid conjugated pH sensor PE-pHrodo was synthesized by linking DOPE to the 
commercially available pHrodo™ red ester reagent (Invitrogen, Eugene, OR, USA). 
Synthesis, purification and characterization of its spectral properties as a function of pH 
are described in detail in reference (16). 

 
Liposome preparation 

Unilamellar liposomes were prepared by manual extrusion. Briefly, chloroform 
stocks of L-α-phosphatidylcholine (12.7 μmol), biotinylated lipid (DOPE-biotin, 38 
nmol; 0.3 mol%), and lipid-linked pHrodo sensor (20 nmol; 0.15 mol%) were dispensed 
into a round bottom flask, mixed, and dried by rotary evaporation, followed by incubation 
for 1 h under vacuum. The lipid film was rehydrated in 667 µl of reconstitution buffer (10 
mM Mes-KOH, pH 6.5, 50 mM K2SO4, 20% glycerol), dissolved by vortexing in 
presence of a glass pearl, and passed through 0.2 μm size nucleopore polycarbonate 
membranes mounted in a mini-extruder (Avanti Polar Lipids, Alabaster, AL). The 
resulting liposomes were kept at 4°C and used within 1 week. 

 
Protein expression and purification 

Arabidopsis thaliana H+-ATPase isoform 2 wild type (AHA2) and its 73 amino acid 
C-terminal truncated variant (AHA2R) were expressed and purified according to 
previously published protocols (30). 

Briefly, a plasmid based on the multicopy vector YEp-351 (31) was used for 
expression in yeast, containing the coding sequence of AHA2 (with a SNAP coding 
sequence and a MRGSH6 tag at the N-terminus) or AHA2R (with a C-terminal MRGSH6 
tag). Protein expression and purification were performed using Saccharomyces cerevisiae 
strain RS-72 (MATa ade1-100 his4-519 leu2-3,112) (32) as expression host. Cells were 
transformed and cultured essentially as described previously (33). In RS-72 the 
endogenous yeast H+-ATPase PMA1 gene is placed under the control of a genomic 
galactose-dependent promoter. This strain grows in media containing galactose while 
growth in glucose based medium requires the complementation of the yeast H+-ATPase 
by the constitutively expressed A. thaliana H+-ATPase. The cells were grown, harvested 
by centrifugation, and membranes isolated as described previously (9). All subsequent 
manipulations were performed at 4°C, and all buffers contained 0.3 mM 
phenylmethylsulfonyl fluoride and 3 µg/ml pepstatin A. Membranes were solubilized 
using DDM at a 3:1 detergent:protein (w/w) ratio in solubilization buffer (50 mM Mes-
KOH, pH 6.5, 20% (v/v) glycerol, 1 mM EDTA, 50 mM KCl, 1 mM dithiothreitol) 
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containing 1.2 mM ATP with gentle agitation for 30 min. Insoluble material was 
removed by centrifugation for 60 min at 100,000  × g. The supernatant containing 
solubilized A. thaliana H+-ATPase was diluted 1:1 (v/v) with washing buffer WB500 (50 
mM Mes-KOH, pH 6.5, 20% (v/v) glycerol, 0.15% (w/v) DDM, 500 mM KCl, 10 mM 
imidazole), and incubated for 16 h with Ni2+-NTA resin (1 ml of resin, 30 mg membrane 
protein) pre-equilibrated in the same buffer. To minimize unspecific binding, the Ni-NTA 
resin was washed with 10 volumes of washing buffer WB250 (as WB500 with 250 mM 
KCl) followed by 10 volumes of washing buffer WB50 (as WB500 with 50 mM KCl). 
Bound proteins were eluted with 2 volumes of elution buffer (50 mM Mes-KOH, pH 6.5, 
50 mM KCl, 300 mM imidazole, 20% (v/v) glycerol, 0.5 mM dithiothreitol, and 0.04% 
(w/v) DDM). Centrifugal concentrators (Vivaspin 20, GE Healthcare) with 30 kDa 
molecular mass cut off were used for buffer exchange of the eluted proteins to 
solubilization buffer containing 0.04% (w/v) DDM in two washing steps. Purified H+-
ATPase was finally concentrated to 1-10 g/l, frozen in liquid nitrogen and stored at -
80°C.  

 
Proteoliposome reconstitution, characterization, and AHA2 labelling 

Purified H+-ATPase was reconstituted into preformed liposomes as described earlier 
(30). Briefly, using the indicated amount of purified protein in 220 µl reconstitution 
buffer containing 50 mM octylglucoside (OG) and liposomes (3 µmol phospholipid). The 
solubilized protein/lipid/detergent mixture was subjected to gel filtration (Sephadex G-50 
Fine, 2 ml packed in 2 ml disposable syringes) by centrifugation (180 × g, 7  min). The 
eluate was incubated for 30 min at room temperature with 100 mg of wet Bio-Beads 
(Bio-Beads SM-2, Bio-Rad) under overhead rotation to eliminate traces of detergent. 
Protein-free liposomes were prepared accordingly by replacing purified protein with 
reconstitution buffer.  

The unilamellarity and size of proteoliposomes were characterized with a cryogenic 
transmission electron microscope (Cryo-TEM). Typical cryo-TEM micrographs of 
proteoliposomes (fig. S3). Cryo-TEM was performed at Biomikroskopienheten, 
Materialkemi, Kemi Centrum, University of Lund, Sweden using a Philips CM120 
(BioTWIN Cryo) equipped with a GATAN CCD camera (1024 × 1024 pixels). 
Occasionally the less informative ensemble average technique of dynamic light scattering 
was used to confirm size distributions. 

AHA2-proteoliposomes were labelled using a 2-fold excess of substrate SNAP-
Surface® Alexa Fluor®647 (New England Biolabs) to enzyme (SNAP-AHA2) 
concentration according to manufacturer’s instructions (New England Biolabs). The 
amount of reconstituted AHA2 in the proteoliposomes was estimated by assuming a 
100% rate of recovery throughout reconstitution. The labeling reaction was carried out in 
the dark for 30 min at 37°C. Orientation of AHA2 in the proteoliposomes was determined 
by a trypsin protection assay (fig. S2C). The proteoliposomes (10 µl) were treated with 
trypsin (0.1 mg/ml) for 30 min at 30°C. The digestion was stopped by the addition of 
SDS loading buffer. Samples were analyzed by SDS-PAGE using 12% gels and 
visualized by fluorescent scan (λex = 652 nm, λem = 670 nm) and Coomassie Brilliant Blue 
staining (λex = 633 nm) using a Typhoon Scanner (GE Healthcare). Bands were 
quantified by densitometry using either the GelQuant.NET software provided by 
biochemlabsolutions.com or Image LabTM Software from Bio-Rad. The degree of 
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labeling was investigated by proteolytic assays using TEV protease. The proteoliposomes 
(30 µl) were treated with TEV protease (0.33 mg/ml) for 30 min at 30°C and subjected to 
SDS-PAGE analysis along with standards of known amounts of AHA2 and SNAP-
Surface® Alexa Fluor® 647 labelled SNAP protein (fig. S2D). Efficiency of the TEV 
digestion was calculated by comparing fluorescent levels of AHA2 bands before and after 
TEV digestion. Based on the AHA2 standard, the TEV digestion efficiency, and the 
amount of AHA2 digested by the TEV protease, the total amount of outward oriented 
AHA2 in the proteoliposomes was estimated (fig. S2D). The amount of fluorescent 
SNAP tag cleaved off from AHA2 (SNAPTEV), was estimated based on the fluorescent 
SNAP protein standard. From the TEV digestion efficiency, the amount of fluorescent 
SNAPTEV was used to calculate the total amount of labeled AHA2 protein. The labeling 
efficiency was calculated as the amount of labeled AHA2 out of total outward oriented 
AHA2, and given in percentage. 

 
Bulk activity assays and ATP permeability of liposomes 

Bulk proton pumping activity was measured with a spectrofluorometer at 25°C 
using a Fluoromax-4 spectrofluorometer (Horiba, Edison New Jersey, USA) equipped 
with a LFI-3751 temperature controller (Wavelength Electronics, Bozeman, MT, USA). 
Proteoliposomes (5 μl) were added to 1 ml transport buffer (20 mM MOPS-KOH, pH 
6.5, 52.5 mM K2SO4) containing 2 mM ATP and 60 nM valinomycin. If not stated 
otherwise proton pumping was initiated by the addition of MgSO4 to a final concentration 
of 2 mM, and when indicated dissipated by the addition of 5 μM Carbonyl cyanide m-
chlorophenylhydrazone (CCCP). Fluorescence traces were recorded at 590 nm for 600 s 
(excitation, 532 nm; slit widths, 4 nm; resolution, 0.1 s). 

ATPase activity was determined at pH 7 by measuring the formation of inorganic 
phosphate Pi using a malachite green colorimetric ATPase assay in a reaction mixture 
comprising ATPase buffer (20 mM MOPS-KOH, pH 7, 8 mM MgSO4, 3 mM ATP) at 
30°C. When solubilized H+-ATPase was analyzed, the buffer contained 0.5% (w/v) L-α-
Phosphatidylcholine and 0.05% (w/v) DDM. For the calculation of the amounts of 
released phosphate, the absorbance was compared to the absorbance of a phosphate 
standard curve using a spectrophotometer (Ultrospec 2000, Pharmacia Biotech). The 
average specific ATPase activities measured for AHA2R and AHA2 were 14.9 ± 5.3 
µmol Pi/min/mg (n=7) and 16.2 ± 8 µmol Pi/min/mg (n=5) respectively.  

To measure the passive membrane permeability of ATP we performed leakage 
experiments of radiolabeled ATP ([γ-32P]-ATP, PerkinElmer, Boston, MA, USA) from 
proteoliposomes. AHA2R (75 µg) was reconstituted in extruded liposomes (99%  L-α-
Phosphatidylcholine, 1% L-α-Phosphatidylethanolamine-N-lissamine rhodamine B 
sulfonyl [Rhodamine-PE], Avanti Polar Lipids Inc., Birmingham, AL, USA) in the 
presence of ATP (5 µCi [γ-32P]-ATP, 2 mM ATP). Proteoliposomes (200 µL) were 
mixed with transport buffer (800 µL) supplemented with 60 nM valinomycin, and 
incubated at room temperature. To remove released ATP, aliquots (220 µL) were taken at 
indicated time points (see table S1) and subjected to gel filtration (Sephadex G-50 Fine, 2 
ml packed in 2 ml disposable syringes) by centrifugation (180 g, 7 min). Radioactivity of 
the eluates (180 µL in 2 mL scintillation fluid (Optiphase HiSafe 3, PerkinElmer, Boston, 
MA, USA) was counted on a 1450 MicroBeta Wallac TriLux Counter (PerkinElmer Life 
Sciences, Skovlunde, Denmark). Radioactivity was normalized to Rhodamine-PE 
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fluorescence intensity of eluates (5 µL in 1 mL transport buffer supplemented with 
valinomycin), measured in a Fluoromax-4 spectrofluorometer at 25°C, with excitation at 
560 nm (slit width 3 nm) and emission recorded between 570 and 700 nm (slit width 3 
nm). A control reconstitution in the absence of ATP was performed simultaneously and 
radioactivity counted used as buffer correction. Functional reconstitution was confirmed 
by the 9-amino-6-chloro-2-methoxyacridine (ACMA) quenching assay. Under conditions 
used here, 1% of the 2 mM ATP can pass the lipid bilayer in the first hour of incubation 
(typical time course of an experiment). These numbers are in excellent agreement with 
published results (34). We note, that since in this assay we cannot discriminate and 
correct for non-specific binding to the outer leaflet of the bilayer 0.02 mM /hr or ~10-5 
mM /s is an upper limit. 

Passive ATP leakage is not fast enough to fuel pumps oriented inside/in: the fast 
leakage rates are ~100 H+ /s or ~0.1 mM /s (for an average sized vesicle ~100 nm in 
diameter). Thus, since the proton leakage rates are ~100,000 times faster than the upper-
estimate of passive ATP leakage we can exclude conclusively the possibility that fast 
leakage is due to ATP-fuelled activity of pumps oriented inside/in. Actually, at a 
concentration of 10-5 mM ATP cannot even bind to the proton pump that has an apparent 
ATP affinity ~2 mM or ~0.1 mM respectively for the wild type (33, 35) and for AHA2R 
(36-38). 
 
Surface preparation and Immobilization of AHA2 vesicles 

To prepare surfaces for microscopy measurements we followed verbatim protocols 
from our lab that have been previously published and validated (13). 

Briefly, flow cells were prepared by assembling sticky slides VI0.4 purchased from 
Ibidi and passivated glass slides. Prior to their use, glass slides (thickness 170 ± 10 μm) 
were sonicated repeatedly in 2% (v/v) Helmanex, 70% (v/v) ethanol, and Milli-Q water 
(MQ; Millipore). The slides were dried under nitrogen flow and plasma etched for 2 
minutes and then immediately assembled with the flow cell. The flow cell was then 
incubated with a mixture of 1000:6 PLL-g-PEG and PLL-g-PEG-biotin (SuSoS) (1 g/l) in 
surface buffer (15 mM HEPES, pH 5.6). After 30 minutes, the flow cell was washed with 
surface buffer and subsequently incubated (10 minutes) with 0.1 g/l NeutrAvidin (Life 
Technologies). The unbound NeutrAvidin was removed by flushing the flow chambers 
with transport buffer (20 mM MOPS, 52.5 mM K2SO4, 60 nM valinomycin, pH 6.5). 

Proteoliposomes were immobilized on a passivated glass surface in flow cells or 
home-built microscopy chambers by exchanging the transport buffer in the flow cells 
with proteoliposome (3.5–7 mg/l) solution until the surface density reached 
approximately ~1000 proteoliposomes per frame. Proton pumping was initiated by the 
injection of ATP and Mg2SO4 (2 mM final concentrations) to the flow cell and when 
indicated dissipated by the addition of 5 μM Carbonyl cyanide m-chlorophenylhydrazone 
(CCCP).  
 
Image acquisition 

Fluorescence intensity was measured with a total internal reflection fluorescence 
(TIRF) microscope (Nikon N-Storm, Nikon Instruments Inc., Melville, NY, USA) 
equipped with an EMCCD camera (Andor Technology, Belfast, UK). A solid state laser 
(Coherent Inc., Santa Clara, CA, USA) with an excitation wavelength of 561 nm was 
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used to excite pHrodo. Microscope was equipped with CFI Apo TIRF 100X Oil 
immersion objective (1.49 NA, Nikon, Japan). The microscope has a built-in perfect 
focusing system, which allows real-time focus control and was used during all 
experiments. Excitation of PE-pHrodo was filtered out using excitation band-pass filter 
ET560/40. Emission was detected in the range of 592.5 – 667.5 nm using emission band-
pass filter ET630/75, with laser-beamsplitter zt561RDCXT. Images were acquired in the 
format of 512 × 512 pixels, each pixel corresponding to 160 nm sample length, bit depth 
of 14, with readout speed of 10 MHz. Filters and beam splitters were purchased from 
Analysentechnik AG, Tübingen, Germany. Laser power for 561 nm laser line was 
measured before each experiment in front of objective and was set to 4.2 or 2.6 μW 
depending on sample labelling efficiency. A solid state laser (Coherent Inc., Santa Clara, 
CA, USA) with an excitation wavelength of 647 nm was used to excite Alexa Fluor®647. 
Emission was detected in the range of 662.5 – 737.5 nm using emission filter BA700/75, 
with laser-beamsplitter DM660.  
 
Image analysis and size calibration 

Microscopy data were analysed using a software suite developed in Igor Pro ver. 
6.22A. Single particle localization and quantification of fluorescence intensities was 
achieved as described elsewhere (13, 39). Briefly, particle positions were identified by 
localizing sites of divergence in the gradient vector field of the micrographs(39). The 
integrated fluorescence intensity was then obtained for each particle by fitting the 
intensity profile with a two-dimensional Gaussian function (Gauss 2D fit function in Igor 
Pro) (fig. S5). 

Single transporter kinetics were acquired as an image time series. Each kinetic 
recording was supplemented with additional image data, acquired for the same set of 
liposomes, to measure the size of each liposome(40) and its own pH response curve (fig. 
S5). An image of the liposome membrane marker functioned as a mask for defining 
particle positions. Based on the mask image, kinetic traces were obtained by integrating 
the volume under a 2D Gaussian fit in an 11 by 11 or 9 by 9 pixels region of interest 
(ROI) centred at each liposome. (fig. S5). Traces with transporter kinetics for single 
liposomes bundled with the fluorescence intensity observed in the size determination 
image and the pH titration series were then saved for further processing. 

Analysis of kinetics to identify transport activity events was accomplished via a 
graphical user interface (GUI). A batch of single transporter activity traces was loaded 
and conversion of fluorescence intensity to pH was achieved using the calibration curve 
particular to a given liposome.  

To identify transport events, traces were first smoothed (200 binomial smoothing 
operations), then differentiated. The differentiated traces were smoothed (100 binomial 
smoothing operations) and raised to the third power. 

Transport events were now located by searching the resulting differentiated trace for 
crossing of a user-defined threshold (defined via the GUI). The time point of crossing the 
threshold was taken as an initial estimate for the onset of a transport event, tstart. Next, the 
search was continued, this time to locate a crossing of the negative of the threshold value. 
This time point was taken as an initial estimate for the onset of proton leakage (if any), 
tpeak. Finally, the search was continued to locate a crossing of the value 0. This time point 
was taken as an initial estimate for the termination of the leakage event, tend. The search 
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was continued, repeating the cycle above, to locate all transport events in a trace. The 
integrity of event localization was visually verified by the user of the GUI and, where 
necessary, the threshold was adjusted to ensure proper event assignment (fig. S5). 

To refine the initial estimate for the transition time points tstart  and tend we employed 
the derivative of the differentiated trace used for the search cycles above (i.e., the 
acceleration of the original trace). tstart and tend were updated to correspond to the 
respective nearest local maxima in the acceleration trace. 

The estimate for the peak position was refined by fitting one exponential function to 
the part of the trace defined by tstart and tpeak and another exponential to the part of the 
trace defined by tpeak and tend, respectively. tpeak was iterated from tstart+4 to tend-4. For 
each iteration, the residuals for the whole event were calculated. The best estimate for 
tpeak was taken as the one that minimized the residuals.  

Finally, the peak plateau of each transport event, Ipeak, was determined as the 
average of the 4 data points just prior to tpeak and the value at tpeak. Similarly, the base 
level of the transport event was calculated as the average of 5 data points before tstart. 

The sizes of proteoliposomes were calculated as described previously(40). Briefly, 
number of PE-pHrodo fluorophores incorporated in the membrane is proportional to the 
proteoliposome surface area (Aliposome) and thereby related to diameter (Dliposome) through 
equation (1), a conversion from diffraction-limited intensity spots to physical 
proteoliposome size was possible. 

𝐼𝐼𝑃𝑃𝑃𝑃−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∝ 𝐴𝐴𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙 = 4𝜋𝜋𝑅𝑅𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙2 ⟹  𝑅𝑅𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙 = 𝑘𝑘�𝐼𝐼𝑃𝑃𝑃𝑃−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  

(1) 

The calibration factor (k) was determined by testing reconstituted AHA2 
proteoliposomes extruded at 200 nm filters. To obtain the mean radius of AHA2 
proteoliposomes the sample was examined by using CRYO-TEM microscopy (Fig. S3). 
To calculate k, the proteoliposomes were initially imaged in wide-field mode before 
triggering of the transport reaction. From these images, the mean of the integrated PE-
pHrodo intensity spots were determined. This value was correlated to the mean radius 
found by CRYO-TEM to obtain k. After determination of k, all intensities were converted 
to diameters by using equation (1). 

The signal-to-noise ratio (SNR) for single vesicle activity traces was calculated as 
𝑆𝑆N𝑅𝑅=(𝐼𝐼𝑚𝑚𝑎𝑎𝑥𝑥−1)/𝑠𝑠      (2) 

where Imax is the highest peak plateau of the normalized single vesicle activity trace 
and s is the standard deviation of the baseline before injection of ATP and Mg2+. 
 
Calculating the number of active AHA2 molecules per vesicle using bleaching step 
counting analysis 

Since we were able to express, purify and reconstitute functional AHA2 in fusion 
with a SNAP tag, we were also able to label it fluorescently and count directly the 
number of proteins per vesicles using bleaching step counting analysis. As described 
below, the number of labeled proton pumps was corrected for labeling efficiency and the 
probability to be active, in order to finally obtain the histogram of active molecules per 
vesicle (Fig. 2F). 

Colocalization analysis. To identify proteoliposomes i.e. exclude protein aggregates 
and liposomes (with no protein) we colocalized the signal from AHA2 labelled with 
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Alexa Fluor®647 (Alexa647-AHA2) and liposomes labelled with pHrodo-PE. The 
reconstitution and labelling process is described in Section 5. First, surface immobilized 
liposome micrographs (pHrodo-PE channel) were acquired, followed by recording of 
Alexa fluor®647 bleaching movies for the same set of liposomes. Afterwards, spatially 
overlapping/colocalized signals were identified from the separate colour channels. 
Intensity signals were determined for each fluorescent label and an x,y centre position 
was assigned for all diffraction-limited intensity spots. Colocalization was defined as 
particles in separate colour channels having centres within a distance of 2 pixels. To 
estimate non-specific binding of Alexa fluor®647 on vesicles we have tested mock 
liposomes treated similar to Alexa647-AHA2 proteoliposomes (described in Section 5). 
We found that non-specific binding is not significant as less than 0.4% of the entire 
liposome population showed overlapping signals from the Alexa fluor®647 channel. In 
total, 6191 liposomes from 2 independent experiments (8 different fields of view each) 
were tested. 870 or 17±5% (n=2) showed overlapping signals between Alexa fluor®647 
and pHrodo-PE channels and were thus identified as proteoliposomes.  

Step bleaching analysis. Positions with colocalized signals were used to extract 
bleaching traces of Alexa fluor®647. To count AHA2 copies per liposome bleaching step-
counting analysis was performed. Distinct bleaching steps of Alexa fluor®647 were fitted 
using a change point localization algorithm (the modality for Gaussian processes 
described in the reference(41)). A Bayes factor of 10 was applied as a criterion in change 
point detection. As an additional filter, only change points where the difference between 
adjacent intensity plateaus exceeded five times the sum of the standard error of the two 
intensity means were accepted as significant (|I2-I1|>3(SEM1+SEM2), where I indicates 
the intensity average of the respective plateaus and SEM the corresponding standard 
error). 62±3% of the colocalized proteoliposomes showed single step bleaching of Alexa 
fluor®647 attached to a single AHA2 transporter. 19±2% of proteoliposomes showed two 
bleaching steps, while the remaining 19±1% showed more than two bleaching steps. 

Estimation of the probability of a proton pump to be active. In order to estimate the 
fraction of functional AHA2 molecules we have performed parallel colocalization and 
activity/acidification measurements for Alexa647-AHA2 reconstituted proteoliposomes. 
We found that 62±11 % (N=2) of liposomes with protein showed acidification of the 
lumen facilitated by an active Alexa647-AHA2. Thus the remaining ~38% of 
proteoliposomes carry inactive AHA2. Next we calculated the distributions of Alexa 
fluor®647 bleaching steps for the active and inactive proteoliposomes separately. We 
found that the two distributions are similar within experimental errors (61±4% and 
55±4% showed one bleaching step; 27±3% and 29±6% showed two bleaching steps, 
12±1% and 16±9% and showed more than two bleaching steps for active and inactive 
proteoliposomes respectively). Thus, fraction of inactive proteoliposomes corresponds to 
a fraction of inactive proton pumps. Therefore, the probability of a proton pump to be 
active after purification and reconstitution is 0.6±0.1. 

Estimation of the labeling efficiency from single molecule experiments. To calculate 
the labeling efficiency of AHA2 at the single vesicle level and compare the results with 
bulk values (see Fig. S2) we screened for the liposomes that showed lumen acidification 
without detected overlapping signals from Alexa fluor®647 channel. Under the 
assumption that the number of acidified liposomes would also represent ~62% of the total 
non-labelled AHA2 proteoliposomes we estimated the labeling efficiency to be 56 ± 9% 
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(N=2). This result was in a good agreement with bulk measurements giving a labeling 
efficiency of 53 ± 12% (see Fig. S2). In total 1676 liposomes were tested for analysis in 
subsections 10c and10d.  

Finally, to obtain the probability of observing 1, 2, or more active AHA2 molecules 
per liposome in main Figure 2F we used the following equation (3): 

𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝑙𝑙𝐴𝐴𝑙𝑙 𝐴𝐴𝑝𝑝𝐴𝐴2 = 𝑂𝑂𝐴𝐴𝐴𝐴𝑂𝑂𝑝𝑝𝑙𝑙𝑂𝑂𝐴𝐴𝑙𝑙𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑁𝑁𝑏𝑏𝑁𝑁𝑏𝑏𝑏𝑏ℎ𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑁𝑁𝑠𝑠𝑠𝑠  ∗𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2 𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑠𝑠𝑖𝑖𝑎𝑎𝑁𝑁

𝐴𝐴𝑙𝑙𝑙𝑙𝐴𝐴𝐴𝐴 𝑓𝑓𝑙𝑙𝑂𝑂𝑝𝑝𝑝𝑝®647 𝑙𝑙𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑂𝑂𝑒𝑒 𝑙𝑙𝑓𝑓𝑓𝑓𝑙𝑙c𝑙𝑙𝑙𝑙𝑂𝑂𝐴𝐴𝑖𝑖 𝑝𝑝𝑓𝑓 𝐴𝐴𝑝𝑝𝐴𝐴2 
     (3) 

Error bars in main Figure 2F represent propagated errors. 
 

Calibration of pH inside vesicles 
Bulk. Bulk calibration was performed by diluting 3.3 µL liposomes in 1 mL of 

buffers at different pH between 2.7 and 8 (20 mM phosphate buffer supplemented with 
20 mM citrate where applicable, 52.5 mM K2SO4, 60 nM valinomycin, 5 µM CCCP). 
Liposomes were equilibrated for at least 15 min at room temperature before 
measurements (Ex. 532 nm, Em. 550-700 nm) in a Fluoromax-4 spectrofluorometer 
(Horiba, Edison New Jersey, USA) equipped with a LFI-3751 temperature controller 
(Wavelength Electronics, Bozeman, MT, USA); experiments were performed at 25°C. 
Traces were inspected for changes in overall shape and absolute intensity values 
normalized to the maximum at pH 3 (fig. S6 E–G). Calibration curves were obtained by 
plotting normalized intensities at the maximum against buffer pH and fitting a sigmoidal 
function (fig. 6E). For kinetic measurements, absolute intensity values were subtracted by 
half of the average baseline intensity, as the outside monolayer does not contribute in H+ 

specific intensity change in the lumen of the proteoliposome. Baseline was defined by 
intensity values acquired before injections. 

Single vesicles. After immobilization of AHA2 proteoliposomes on the passivated 
glass surface, 5 consecutive wide-field images were acquired to calculate the size of each 
individual proteoliposome. Subsequently, a sequential imaging of the selected position 
was started and after approximately 60 s, ATP (2 mM) and Mg2+ (2 mM) were injected. 

After single vesicle activity assays, the pH gradients in proteoliposomes were 
collapsed by adding a protonophore, carbonyl cyanide-m-chlorophenylhydrazone (CCCP, 
5 μM). This step was followed by the exchange of transport buffer with citrate–phosphate 
buffers of varying pH (7.3–2.7) in presence of valinomycin (60 nM). For each pH value 9 
consecutive images of each individual proteoliposomes were recorded to obtain the 
average ± s.d. Since the outside monolayer of a proteoliposome does not contribute in H+ 
specific intensity change in the lumen of the proteoliposome, we subtracted half of the 
average baseline intensity from the total absolute intensity values of individual 
proteoliposomes. Baseline was defined from the images acquired before Mg2+ and ATP 
injection.  

Of all the vesicles containing single transporters, and which were relevant to our 
experiments, 20-30% could not be analysed quantitatively for entirely technical reasons. 
Typical technical problems were: A) Vesicle traces with multiple switches between 
active/inactive states that ended by being active were not analysed due to a limitation/bug 
in the current version of the software. B) Bleaching was critical dependent on pH, thus 
for vesicles that oscillated between different pH values bleaching corrections were non-
trivial to implement. Therefore vesicles that bleached more than ~2% of their total 
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intensity were excluded from analysis. C) Vesicles for which the pH calibration curves 
did not converge.  

 
Determination of passive proton leakage in single vesicles 

Leakage experiments were performed to reveal the contributions of proton leak from 
passive diffusion through the lipid membrane and in particular, through the protein 
AHA2R (cf. Figure 2 and 3 in main text) during pumping activity. In detail, liposomes 
and AHA2R-reconstituted proteoliposomes were prepared exactly as described in 
Materials and Methods using reconstitution buffer set at pH 5. Note, the liposomes 
(AHA2R absent) are subjected to the exact same preparation or treatment as AHA2R-
reconstituted liposomes. The vesicles were incubated with valinomycin (60 nM) prior to 
their immobilization to a glass surface in a flow cell (see Supplementary Information 7). 
After immobilization, unbound vesicles were flushed with transport buffer at pH 5. The 
leakage test was initiated by exchanging the buffer to pH 7 (fig. S10).  

Upon exchanging the buffer of the solution from low (pH = 5) to high pH (pH =7) 
for both liposomes and proteoliposomes, two distinct kinetic phases were observed – a 
rapid drop in fluorescence intensity corresponding to the outer monolayer, followed by a 
relatively slow decrease in the signal corresponding to the inner monolayer (fig. S10E, 
F). For liposomes where the fluorophores were present exclusively in the outer 
monolayer, only a rapid drop in fluorescence signal was observed. The outer leaflet 
selective labeling of the vesicles was achieved by incubating preformed unlabelled 
vesicles with pHrodo labeled lipid (1.5 % DMSO, 60 minutes). The individual 
fluorescent traces were fitted to single (outer leaflet labelled vesicles) and double 
exponential decay (liposomes and proteoliposomes) functions to give a fast (τ1) and slow 
(τ2) decay lifetimes. Histograms were plotted from lifetimes and were fitted to single and 
double Gaussian function. The location of the peak for each Gaussian was used to 
determine the mean lifetime. For the fast decay component (τ1) of liposomes and 
proteoliposomes, it can be seen that the histograms have a very similar mean distribution 
(fig. 10 A,D & G-I). As expected, this observation provided us with a confirmation that 
the initial drop in the fluorescence signal for liposomes and proteoliposomes were due to 
quenching of the fluorophores in the outer leaflet. 

Following the decrease in fluorescence signal from fluorophores in the outer leaflet, 
in an ideal scenario, i.e., lipid membrane impermeable to ions, further decrease in 
fluorescence signal is not expected. However, the fluorescence intensity for both 
liposomes and inactive proteoliposomes (ATP and Mg2+ absent) continued to decrease 
(slow decay given by τ2), indicating passive leakage of protons from the lumen of the 
vesicles (fig. S10 D–F) 

In order to gain further understanding about the passive leakage of protons in 
AHA2R-reconstituted proteoliposomes, we investigated the leakage lifetimes at various 
conditions (fig. S9). By comparing the histograms of leakage lifetimes between 
liposomes, and proteoliposomes that were active or inactive (i.e. in the presence or 
absence of ATP and Mg2+) (fig. S9A–C) we were able to confirm that the significant 
portion of proton leak was indeed through the lipid bilayer (peak I in fig. S9). However, 
the active proteoliposomes had an additional leak state (peak II in fig. S9C), suggesting 
an alternate pathway for the passive flow of protons. Interestingly, the faster leakage 
observed for active proteoliposomes (peak II) was absent when the activity of AHA2R 
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was inhibited by vanadate, fig. 9D. These observations allowed us to conclude that two 
possible leakage pathways exist for AHA2R-reconstituted proteoliposomes, i) diffusion 
through the lipid membrane which is prominent and present in all conditions (passive 
membrane leak), and ii) leakage associated with the membrane protein AHA2R 

(transprotein leak), which is present only when the pump is active. 

 

Supplementary Text 
Mathematical model of proton pumping and proton leakage in a vesicle 

Here, we consider a vesicle containing a P-type proton pump, proton leak, and a 
potassium leak. Following our previous work on this topic (26, 42), a system of equations 
for the model are as follows: 

     (4) 

where U is the reduced membrane potential ψ/kBT, which is related to the net charge 
accumulated in the vesicle using a capacitor model for the membrane (43). We assume 
that the membrane potential outside the vesicle is zero. Bracketed quantities refer to 
molar quantities or concentrations, while unbracketed quantities are numbers. Hence, [X] 
= X/V, where V is the volume. H+ is the total number of protons that enter the lumen, 
and a fraction of these ions become buffered. Proton pumping by AHA2 is represented by 
IP, Pleak is the passive proton permeability of the membrane, PAHA2 is the passive proton 
permeability associated with AHA2 that can also be expressed as qAHA2 (an AHA2-
dependent proton leak constant with units of permeability times area). The buffering 
capacity of the lumen (β) depends on the intracellular pH as discussed next. Both the 
volume (V) and the surface area (S) of the vesicle are assumed to remain fixed during the 
time course of acidification. Quantities without subscripts refer to intracellular values, 
while a zero subscript ([…]0) refers to extracellular, fixed values. The integral in the 
equation for the membrane potential is simply the sum of all charged protons that have 
entered the lumen during acidification, H+

T. We set this value to zero at the beginning of 
all calculations, which essentially assumes that the protons near neutral pH do not 
significantly contribute to the resting membrane potential. Any trapped negative charges, 
MOPS and SO4

2-, are modelled by a Donnan particle concentration (B), which is constant 
in time and set as described later. The K+ permeability (PK) is set to a large value since 
the presence of valinomycin in solution allows for fast shuttling of potassium across the 



 
 

11 
 

bilayer. Please refer to Fig. 3A of the main text for a cartoon model of this system, and 
table S2 for all values. 

Proton pumping (IP) is a time dependent quantity initiated at time ton and then turned 
off at time toff, where both times are determined for each experimental trace prior to 
solving the system of equations. The initial pH in the vesicle is set to the mean value of 
recorded pH from time zero to ton, and the initial intracellular potassium concentration is 
then set such that the system starts at equilibrium. The system geometry is assumed to be 
spherical with the vesicle radius (R) derived from fluorescent intensity according to the 
equation 1. Once R is experimentally determined both V and S in Eqs. 4 are also defined. 
The equations are solved with Matlab (Natick, Massachusetts) using the ode15s stiff 
solver. Initial conditions for all time dependent variables are set as follows. The initial 
luminal pH value is set to the experimental value averaged from time zero to the start of 
the first pumping event. The initial luminal potassium concentration and the value B in 
membrane potential are then set so that the initial potassium flux and proton flux across 
the membrane is zero; hence, the system starts at steady state.  

 
Buffer capacity.  

According to Brönsted, an acid is any substance that is capable of donating a proton, 
. 

The equilibrium of this reaction is described by an equation of the form:  

, 
where K is the equilibrium constant. This can be rewritten as: 
 

,  (5) 
where pKa =-log10K. The buffer capacity is defined as the ratio of the change in base 

to the change in pH: 

(6) 
In a closed system, [AH]+[A-]=T is constant  

. 
Combining Eqs. 5 and 6 and then taking the partial derivative of A- with respect to 

pH with total buffer [AH]+[A-] constant, we find  

(7) 
This last equation is used to determine the buffering in Eqs. 4. It has the property 

that buffering goes to zero when the proton concentration is far above the pKa of the 
titratable group, and nearly all protons are buffered for concentrations far below the pKa. 
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When more than one titratable group is present, as is the case for the current experiments, 
the buffering capacities are additive. For a more complete discussion of buffering in 
cellular systems refer to the work of Boron (44). 

 
 
 
Fitting data.  

The model was fitted to the experimental data using a Nelder-Mead search 
algorithm. Either three parameters were varied during the search (Pleak, IP, qAHA2) or two 
parameters (Pleak, IP). The score of each fit is the sum of the square of the difference 
between the model pH value and the experimental pH value. The error is normalized by 
the total trace time and then arbitrarily multiplied by 100. 

A fraction of traces contain multiple pumping events. For these traces, we assume 
that the AHA2 dependent leak and the proton-pumping rate are the same for each event. 
For the vast majority of traces with multiple events this assumption results in good fits to 
the data (see for example Fig. 3B, C of the main text), however a few percent of traces 
would be better fit if this condition was relaxed. 
 



 
 

13 
 

 

 

Fig. S1. Expression and purification of H+-ATPases AHA2 and AHA2R. 
(A) Regulation of AHA2 activity is not affected by N-terminal His/SNAP tag. A yeast 
complementation test was performed for non-tagged wild type H+-ATPase (wtAHA2), 
AHA2 with a N-terminal His/SNAP tag (AHA2), and C-terminal truncated H+-ATPase 
with a C-terminal His tag (AHA2R). An empty vector construct was included as a 
negative control. In the yeast strain RS-72, the endogenous yeast PM H+-ATPase, Pma1p, 
has been placed under the control of a galactose promoter, whereas the introduced, 
plasmid-borne plant PM H+-ATPases are under the control of the constitutive PMA1 
promoter. Yeast growth on glucose is therefore dependent on a functional plasmid-borne 
H+-ATPase. Transformed yeast cells, were spotted on either galactose-containing media 
(+gal) at pH 5.5 or glucose-containing media (+glu) at different pH values at two 
different concentrations (OD600 = 0.1 and OD600 = 0.01). Growth was recorded after 4 
days at 30°C. Both wtAHA2 and AHA2 were unable to support growth at pH 3.5, 
whereas the activated truncated AHA2R supported growth at all pH values. (B) Schematic 
illustration of the purification steps utilizing classical Ni2+-affinity batch-binding 
procedure. (C, D) Coomassie Brilliant Blue-stained SDS-PAGE on fractions from each 
purification step illustrating the progressive purification of AHA2 (C) and AHA2R (D). 
Molecular mass markers (M) are indicated on the left. Abbreviations: Mic, microsomes; 
P, pellet; S1-S4, supernatant 1-4; Mat, matrix after elution; E, concentrated eluate. 
Specific ATPase activity of DDM solubilized AHA2R and AHA2 were measured as 15 ± 
5 µmol Pi/min/mg of protein (n=7) and 16 ± 8 µmol Pi/min/mg of protein (n=5), 
respectively. 
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Fig. S2. Reconstitution of H+-ATPases AHA2 and AHA2R. Fluorescence labeling 
and orientation of reconstituted AHA2. 
(A) Schematic diagram illustrating the reconstitution, fluorescence labelling, and 
membrane orientation of AHA2 (endowed with a SNAP coding sequence and a 
MRGSH6 tag at the N-terminus). Preformed liposomes containing trace amounts of lipid-
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linked pHrodo sensor are detergent-destabilized and mixed with the detergent-solubilized 
pump. Subsequent removal of the detergent by Sephadex G-50 gel filtration and Bio-
Bead treatment result in the formation of sealed proteoliposomes. The resulting 
proteoliposomes were labelled according to manufacturer’s instructions using a 2-fold 
excess of SNAP-Surface® Alexa Fluor® 647 fluorescent substrate compared to AHA2. 
AHA2 orientation in the proteoliposomes and the degree of labelling was estimated from 
proteolytic assays using trypsin or Tobacco Etch Virus (TEV) proteases, respectively. 
Roman numerals refer to samples applied to the corresponding lanes in panel B, C, and 
D. (B) Coomassie Brilliant Blue -stained SDS-PAGE on samples collected at 
reconstitution steps I-III for AHA2R and AHA2, demonstrating successful reconstitution 
of the protein. (C) Fluorescent scan (FLUORESCENCE) and corresponding Coomassie 
Brilliant Blue stained SDS-PAGE (COOMASSIE) on samples collected at reconstitution 
and labelling steps I-IV, and before and after Trypsin digestion (V,VI). The gels 
demonstrate successful reconstitution and labelling of AHA2 in proteoliposomes. 
Numbers under the gel refer to the quantification of the band intensities. As estimated 
from the analysis on band intensities after trypsin digestion, ~51% of AHA2 in the 
proteoliposomes was protected from digestion. Efficiency of the digest is demonstrated 
by almost complete loss of AHA2 fluorescence after trypsin digest. From a total of four 
independent experiments the orientation of AHA2 was determined to be 80±19% 
outwards directed AHA2. (D) Representative fluorescent scan (FLUORESCENCE) and 
corresponding Coomassie Brilliant Blue stained SDS-PAGE (COOMASSIE) from the 
TEV protease assay. Lanes 1-7 contain known amounts of AHA2 and SNAP-tag® 
Purified Protein (SNAP) prelabelled with SNAP-Surface® Alexa Fluor® 647. Lanes 8, 9: 
10 and 20 µl of AHA2 containing proteoliposomes labelled with a 2-fold excess of 
SNAP-Surface® Alexa Fluor® 647, respectively. Lanes 10, 11: 10 and 20 µl of AHA2 
containing proteoliposomes labelled with a 2-fold excess of SNAP-Surface® Alexa 
Fluor® 647 and digested using TEV protease. The SNAP tag cleaved off from AHA2 is 
denoted SNAPTEV. Molecular mass markers (M) are shown on the left. Based on the 
protein standards of AHA2 and labeled SNAP the amount of total AHA2 (lane 8, 9) and 
labeled AHA2 (lane 10, 11) was estimated, and the degree of labeling was calculated to 
be in the range of 53 ± 12% (n=3, SD). Band intensities were quantified using either the 
GelQuant.NET software provided by biochemlabsolutions.com or Image LabTM Software 
from Bio-Rad. 
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Fig. S3. Cryogenic transmission electron microscopy and size calibration of vesicles.  
(A) Representative micrographs of AHA2R reconstituted vesicles. The proteoliposomes 
are highly unilamellar and spherical. All scale bars are 100 nm. (B) Size distribution of 
AHA2R reconstituted vesicles as measured by cryoTEM. The histogram is fitted with a 
Gaussian function with a mean value of 51 ± 1.5 nm. (C) and (D) show the size 
distributions of AHA2R and AHA2 reconstituted vesicles respectively, as determined by 
TIRF microscopy. Because the microscope settings were optimized to minimize 
bleaching, vesicles smaller than ~60 nm in diameter were not detected. Size histograms 
of all detected liposomes are shown in grey, while size histograms of proteoliposomes 
that showed lumen acidification are shown in black. Notice that due to low protein/lipid 
ratio only the larger vesicles contain active proton pumps. Red lines represent the 
estimated number of pHrodo-PE molecules for liposomes of different sizes, which for 
active liposomes are 350-10,000. First surface area of the liposomes with given radius 
was calculated. Number of lipid molecules for different size vesicles was then estimated 
using a surface area per lipid of 0.7 nm2 and the thickness of bilayer 3.63 nm (45-47). 
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Fig. S4. Chemical structure of the lipid conjugated pH-sensor PE-pHrodo.  
For a detailed description of purification and characterization of PE-pHrodo please see 
reference (16).  
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Fig. S5. Extracting single-vesicle intensities from fluorescence microscopy images 
and calibrating them in pH units. 
(A) 11x11 pixel region of interest (ROI) cropped from a typical micrograph and centred 
around a surface tethered proteoliposome. (B) 3D representation of the intensity values in 
(a). (C) 2D Gaussian fit of the proteoliposomes in A). (D) Activity trace of a typical 
AHA2R – reconstituted proteoliposome and its corresponding pH calibration curve. 
Proton transport is triggered by addition of ATP and Mg2+, each to a final concentration 
of 2 mM (t = 60 s). After 300 s, the proton gradient is collapsed by addition of 5 μM 
CCCP. An activity recording is always followed by the exchange of transport buffer with 
citrate–phosphate buffers of varying pH (7.3–3) in presence of 60 nM valinomycin to 
acquire a local pH calibration curve for each proteoliposome. Half of the average baseline 
intensity is subtracted from the absolute intensity values from (B) to account for the non-
specific intensity contribution from pHrodo located in the outer monolayer of the 
proteoliposomes. The baseline is defined by the intensity values recorded before injection 
of Mg2+ and ATP. The intensity values acquired during pH-titration are divided by 2 to 
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account for the signal coming from the outer monolayer. Subsequently, the pH calibration 
curve is fitted with a sigmoidal function, which is used to convert the absolute intensity 
values into pH units. (E) The single AHA2R activity trace from (D) converted into pH 
units. (F) The pH gradient generated by the single AHA2 R transporter from (D) and (E). 
The corresponding differentiated trace was used to determine tstart, tpeak and tend for the 
single transporter event, as indicated by the grey bars. The red trace show exponential 
functions fitted to the data. (G) Population histogram of pH plateaus for AHA2R at 
different protein-to-lipid ratios demonstrating that the binomial distribution of plateaus is 
modulated by changes in the P:L ratio and thus reflects the number of single molecules. 
For the grey and red traces respectively: number of independent experiments was 2 and 3; 
number of individual proteoliposomes analysed was 425 and 167; number of events 
counted was 427 and 241. Note: Red histogram here is the same as (B) in main Figure 2.  
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Fig. S6. Proton pumping by AHA2R: single vesicle and macroscopic ensemble-
average experiments compare well within experimental uncertainties. 
(A–D) Three typical single vesicles experiments recorded with fluorescence microscopy. 
(E–H) Three typical ensemble average experiments recorded with spectrophotometer. (A 
& E) Evolution of fluorescence intensity upon addition of ATP, Mg2+ and CCCP as 
indicated. (B & F) pH calibration curves obtained from single vesicle experiments and 
macroscopic ensemble-average experiment. Different symbols denote data from 
independent experiments; lines represent sigmoidal fits to the data. (C & G) Fluorescent 
activity traces from (A) and (E) converted to pH units. (D & H) Control experiments 
carried out in absence of ATP and/or Mg2+ (t = 60 s) for AHA2R-reconstituted liposomes 
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for both single vesicles (D) and ensemble-average experiment (H). The last trace for the 
panel (D) and (H) represents absence of any activity upon addition of ATP and Mg2+ to 
mock liposomes, i.e. liposomes without AHA2R.  
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Fig. S7. Additional controls for specific proton pumping activity.  
Activity of AHAR-reconstituted proteoliposomes under different conditions. (A-C) Single 
vesicle traces (black) and ensemble-average of single vesicle particles (red trace) for 
activity assays carried out under different conditions. Traces on the top panel represent 
inactive or empty vesicles. (A) Activity assays were performed under constant flow of 
ATP and Mg2+ (2 mM in transport buffer) to ensure that pH fluctuations were not due to 
ATP depletion. (B) To further confirm that proton pumping was specific to the addition 
of energy in the form of ATP, ATP and Mg2+ were flushed away during the activity assay 
(t = 500 s, grey line). As expected, a decline in the established pH gradient was observed. 
The kinetics were limited by the time it took to exchange fully buffers. (C) Proton 
pumping was triggered at 60 s with the addition of ATP and Mg2+, and subsequently 
inhibited by the addition of the specific blocker vanadate at t =120 s (grey line).  
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Fig. S8. Typical single molecule proton pumping kinetics fitted with the model.  
(A-E) Raw traces from single vesicle kinetics fitted with a physical model in the absence 
(-PAHA2, blue fits) or presence (+PAHA2, red fits) respectively of a time-dependent proton 
leakage associated with the protein. Zoom into the areas of activity. The corresponding 
first derivative of the kinetics was used to determine when the proton pump spend in an 
acitive (ton) or inactive state (toff). Traces (A-B) were successfully fitted both by the 
simplest model while traces (C-E) required a passive leak (PAHA2) starting as soon as 
pumping is switched off in order to fit well both the rise, the decline and the plateau of 
the traces. (F) Histogram of percentage improvement in the fitting errors for the traces 
where PAHA2 was included for AHA2 and AHA2R traces. The errors are dominated by the 
typically larger portion of the trace that is at background/zero, where the two fits are 
naturally overlapping. For that reason the global relative improvement is typically < 20%. 
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Fig. S9. Histograms of proton leakage lifetimes under various conditions.  
(A–D) Histograms of leakage lifetimes for (A) liposomes, (B) inactive proteoliposomes, 
(C) active proteoliposomes and (D) active proteoliposomes in presence of 500 µM 
vanadate. The lifetimes for (A) and (B) were derived from passive leakage experiments 
described in fig. S10, while for (C) and (D), they were obtained from pH decays in 
activity traces (see Figure 2 in main text, and Supplementary Fig. 7, 8). Histograms were 
fitted to single (A, B, and D) and double (C) Gaussian distributions. Note: In a typical 
activity assay, i.e. for active proteoliposomes, the pH of the buffer in the bulk is constant 
(pH=6.5) over the course of the reaction. Therefore, peak II in the histogram for active 
proteoliposomes is not due to outer monolayer quenching (cf fig. S10). Additionally, 
peak II is absent for proteoliposomes inhibited by vanadate, which further emphasizes the 
role of AHA2R in proton leakage. 
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Fig. S10. Method to measure passive proton leakage in single vesicles.  
(A-C) Schematic representation of leakage test for outer leaflet labelled vesicles (A), 
liposomes subjected to a mock reconstitution procedure identical to proteoliposomes (B), 
and proteoliposomes (C). Initially pHo = pH =5 and the fluorescence intensity from the 
vesicles is high. We then exchange the external buffer so that pHo=7, and follow the 
kinetics of signal decrease. (D-F) Illustrative kinetics of fluorescence decrease upon 
buffer exchange for three typical single vesicles, respectively from samples a-c. Each 
individual fluorescent trace was fitted to a mono exponential for outer leaflet labelled 
vesicles (D) and double exponential decay fit for liposomes (E) and proteoliposomes (F) 
to obtain both fast (τ1) and slow (τ2) leakage life times. T-test of the residuals was used to 
obtain the best-fit model. (G) Histograms of leakage lifetimes (τ1) derived from 
fluorescent traces of single vesicles fitted to single Gaussian to yield an average lifetime 
of 0.67 ± 0.09 s. (H-I) Histograms of leakage lifetimes (τ1 and τ2) derived from 
fluorescent traces of single vesicles fitted to a double Gaussian. The average lifetime (τ1) 
was 0.77 ± 0.16 s for liposomes and 0.81 ± 0.15 s for proteoliposomes. Such small shifts 
in the maxima of the distributions occurred between reconstitutions. The leakage rate was 
always constant over the time, i.e., no abrupt changes in the leakage rate or any sort of 
stalling was ever observed. 
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Fig. S11. Histograms of additional physical parameters quantified by the model.  
(A) Membrane permeability distributions (PLeak) for AHA2 and AHA2R. (B) Distribution 
of membrane impermeable negative charges for AHA2 and AHA2R proteoliposomes. 
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Fig. S12. Established pH gradients have no significant effect on off times and 
pumping rates of AHA2R and AHA2. 
(A, B) Relation between toff and the maximal pH gradient for AHA2R and AHA2 
respectively. Each data point represents the average of 3 consecutive values. (C) 
Pumping rates as a function of established pH gradient. Data were binned with 0.25 and 
0.5 pH units. For AHA2R and AHA2 respectively: number of independent experiments 
was 3 and 2, while number of analysed individual proteoliposomes was 126 and 95. Error 
bars represent standard deviations. 
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Table S1. 
ATP permeability of proteoliposomes 
 

t (min) γ-counts1 (cpm) F2 (A.U.) Rel. γ-counts3 ATP recovery4 

1 4193 1.04E+06 4.04E-03 100% 

30 3800 9.50E+05 4.00E-03 99% 

60 3997 1.00E+06 3.99E-03 99% 

120 3998 1.05E+06 3.82E-03 95% 
1γ-counts, radioactivity in counts per minute; 2F, recovery of proteoliposomes based on 
Rhodamine-PE fluorescence intensity; 3Relative γ-counts, calculated by dividing γ-counts 
by F; 4ATP recovery, normalized relative γ-counts to the value at 1 min. 
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Table S2.  
Model parameters. 

Variable name symbol value units 

Extracellular potassium concentration [K]0
+ 105 mM 

Intracellular potassium concentration (initial) [K]+ see text mM 

Extracellular pH value pH0 6.5  

Intracellular pH value (initial) pH(0) see text  

Intracellular total protons (initial) H+ see text number 

Buffer total concentration T1 10 mM 

Dye molecule total concentration T2 2.5 mM 

Buffer log diss. constant  pKa
1 6.15  

Dye molecule log diss. constant  

(wild type AHA2) 

pKa
2 5.72  

Dye molecule log diss. constant  

(truncated AHA2) 

pKa
2 5.82  

Potassium permeability PK 10-7 cm/s 

Vesicle radius R experiment 
& equation 1 

nm 

Constant in Eq. 1 (AHA2R data) 
k 1.27  

Constant in Eq. 1 (AHA2 data) 
k 1.35  

Bilayer capacitance C0 1 F/cm2 

Donnan particles B see text mM 

Background proton permeability Pleak Fit to data cm/s 

AHA2-dependent proton leak q Fit to data cm3/s 

AHA2 pump rate IP Fit to data # ions/s 
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