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SUMMARY

Energy homeostasis in cells relies on the rotary motion of ATP synthase. The spinning movement is also
assumed to impact the mechanical properties of the surrounding lipids, leading to emergent effects such
as non-equilibrium membrane fluctuations or protein curvature sorting in model systems. Here, we demon-
strate that ATP synthase rotation reduces lateral pressure by decreasing lipid packing in both artificial and
bacterial membranes. Using micropipette aspiration and fluorescence lifetime imaging microscopy, we
find that the rotation of ATP synthase lowers the membrane tension of giant unilamellar vesicles, making
the membranes more flexible. Fluorescent probes sensitive to lipid packing confirm that ATP synthase lowers
membrane surface pressure during rotation. /In vivo experiments in Bacillus subtilis further reveal that stim-
ulation of ATP synthase rotation with specific drugs decreases the lateral pressure of the plasma membrane.
These findings suggest that ATP synthase plays a significant role in modulating the mechanical properties of
native membranes, potentially driving biological processes linked to membrane dynamics and protein self-

assembly.

INTRODUCTION

F4F,-ATP synthase (adenosine triphosphate [ATP] synthase) is
an evolutionarily conserved multiprotein complex that plays a
key role in producing ATP, the cell’s main energy source. The
enzyme consists of two functional domains: the hydrophilic F4
domain, which contains the catalytic head and a central stalk,
and the hydrophobic F, domain, composed of the peripheral
stalk and a membrane-embedded region. The membrane
portion of the F, domain includes a c-ring oligomer that ro-
tates in response to either a proton (ApH) or an electrochem-
ical gradient (AW) across the membrane.”? Notably, the c-ring
can rotate in both clockwise and counterclockwise directions,
depending on whether the enzyme is synthesizing or hydrolyz-
ing ATP. During ATP synthesis, protons move across the
membrane fueled by the electrochemical gradient causing
the c-ring to rotate. This motion is then transferred to the cen-
tral stalk, inducing conformational changes in the F, catalytic
sites. These changes allow adenosine diphosphate (ADP)
and inorganic phosphate (P;) to bind, resulting in the release
of newly synthesized ATP. In the ATP hydrolysis operating
mode, the catalytic head breaks down ATP into ADP and P;,
reversing the c-ring’s rotation and actively pumping protons
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against the gradient, thereby regulating the proton motive
force.®*

The rotary motion of the c-ring not only drives the synthesis
and hydrolysis of ATP but also generates membrane-mediated
effects that impact the biophysical properties of the surrounding
lipid bilayer. This active rotary activity induces non-equilibrium
fluctuations in the lipid bilayers,® as detected by a decrease in
both the membrane tension and the bending properties of the
embedding membrane. The enhanced fluctuations were hypoth-
esized to promote an active protein clustering into mechanical
hot spots characterized by a high curvature. Indeed, the rotary
motion was shown later to play a key role in the active curvature
sorting of monomeric ATP synthase into lipid filaments.®
Although the effects of ATP synthase’s rotary motion on mem-
brane dynamics have been observed, the molecular mecha-
nisms underlying these processes remain unknown. The current
evidence through molecular dynamics simulations suggests that
the rotation of the c-ring induces changes in the local structure of
the lipid membrane, potentially altering lipid packing and mem-
brane thickness.® However, despite these observations, direct
experimental evidence linking the rotary movement of ATP syn-
thase to specific alterations in membrane lipid structure is still
lacking.
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Figure 1. Micropipette aspiration of GUVs and proteoGUVs (ATP synthase)
(A) Confocal micrographs of a GUV aspirated in a micropipette at medium (top) and low (bottom) tension for proteoGUVs in passive and active conditions,
respectively (membrane in green, ATP synthase in red). The change in the length of the protrusion is proportional to the change in the relative excess area. Scale

bars, 10 pm.

(B) Plot of the logarithm of the relative tension (¢/00) versus the relative excess area « for different pure POPC GUVs and proteoGUVs containing ATP synthase in

the absence (passive) and presence (active) of ATP.

(C) Violin plot comparing the bending modulus distribution for POPC GUVs (12 + 4 kg T, N = 16); proteoGUVs containing ATP synthase under passive (11 +4, N =
17), active (3 + 1, N = 10), and inhibited conditions (8 + 3 kg T, N = 5); and POPC GUVs in the presence of ATP (9 + 3kgT, N = 8). Mean values are expressed as the
mean + SD for N independent measurements. The mean is represented by a line. Statistical significance: *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

In this study, we provide direct measurements of the effects
that ATP synthase’s rotary motion produces on membrane
mechanics. Using micropipette aspiration,” we observed a
decrease in the surface tension of lipid membranes reconstituted
with active ATP synthase, demonstrating that the enzyme’s rota-
tional movement enhances membrane flexibility. This was
further confirmed with a fluorescent membrane tension probe,®
which allowed us to visualize changes in membrane packing in
both a reconstituted system—using ATP synthase from Escher-
ichia coli in giant unilamellar vesicles (GUVs)—and bacterial bio-
membranes. The results offer definitive evidence that ATP syn-
thase’s rotation decreases lateral pressure within the lipid
bilayer, effectively reducing lipid lateral packing. These findings
confirm that the rotary motion of ATP synthase actively modu-
lates membrane elasticity, providing key insights into how this
molecular motor influences membrane structure and dynamics
in native biomembranes.

RESULTS

Rotating ATP synthase decreases the membrane
tension of lipid bilayers

We have previously measured a decrease in the bending
modulus in GUVs composed of an E. coli lipid extract containing
the ATP synthase and in the presence of ATP.® Analyzing the
shape fluctuations or normal undulations of quasi-spherical
GUVs,? we found that the ATP synthase promoted large non-
equilibrium deformations at particular sites of the membrane,
and the bending modulus was reduced by a factor ~ 4.° Here,
the bending modulus of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) GUVs containing ATP synthase in the
presence and in the absence of ATP was measured by micropi-
pette aspiration’ (see methods). The micropipette instrument ex-
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ploits the Canham-Helfrich equation, which connects the relative
excess area, a = A7 = 24, and the membrane tension o by:

8rka
o~ oy eXP kT +Ka

(Equation 1)

where o is the lowest membrane tension required to hold the
vesicle, k is the bending modulus of the vesicle, kgT is the thermal
energy, and K is the stretching modulus of the membrane. In a
typical suction experiment, a GUV is seized and pulled out by a cy-
lindrical micropipette in the aspiration mode, where the pressure
difference between the vesicle interior and the pipette determines
both ¢ and a (Figure 1A). k is obtained from the fitting of Equation 1
to the experimental data in the low-deformation regime
(Figure 1A). A first set of experiments provided the bending
modulus of pure lipid vesicles made of POPC (Figure 1B), x; =
12+4kgT (N = 16). This value is in agreement with previously
reported measurements for POPC.'® As expected for a
low-yield reconstitution, the ATP synthase did not alter
the stiffness of the membrane, kpassive = 11+4kgT (N = 17)
(Figure 1B). Remarkably, the bending modules decreased to
Kactive = 3+ 1kgT (N = 10) upon ATP incubation (Figure 1C).
Additional controls were run, first incubating simultaneously with
ATP and the specific inhibitor N,N’-dicyclohexylcarbodiimide
(DCCD; 1 mM final concentration). DCCD binds covalently to the
c-ring in F, and thereby blocks its rotation.""'? Under this inhibi-
tory condition, the bending modulus was similar to that measured
in the absence of ATP, K}, = 8+3 kgT (N = 5) (Figure 1C).
Finally, we also measured the bending modulus of POPC GUVs
in the presence of ATP, obtaining a bending rigidity of
Kadpe = 93 kgT (N = 8) (Figure 1C). The observed membrane
softening under rotating conditions was then compatible with a
change in the lipid packing of the embedding membrane.
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Figure 2. FLIM of GUVs and proteoGUVs (ATP synthase) using the Flipper-TR membrane tension probe
(A) Fluorescence lifetime imaging (z1) of representative pure POPC GUVs and proteoGUVs containing ATP synthase in the absence (passive) and presence

(active) of ATP. Scale bars, 10 pm.

(B) Typical fluorescence lifetime decay of passive (green) and active GUVs (blue).

(C) Violin plot of Flipper-TR lifetime 4 for different pure POPC GUVs (4.2 + 0.2 ns, n = 26) and proteoGUVs containing ATP synthase under passive (4.1 +0.2ns,n=
26), active (3.8 = 0.3 ns, n = 13), and inhibited conditions (4.1 + 0.1 ns, n = 16). The mean is represented by a line. Mean values are expressed as the mean + SD
from n field of views. Statistical significance: ns (p > 0.05), *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

Membrane packing modulation by ATP synthase

rotation activity

To correlate the decrease in membrane surface tension
observed in the micropipette aspiration experiments with
changes in the lipid packing, we ran independent measurements
using a fluorescent membrane tension probe.® Flipper-TR
probes contain two planar push-pull fluorophores connected
by a flexible linker that responds to mechanical forces within
the membrane. The key outcome of the flipper-based probes
is a change in fluorescence lifetime, which is highly sensitive to
variations in lateral pressure and membrane packing. Under con-
ditions of low lipid lateral packing, the probe remains in a twisted
conformation, resulting in a small fluorescence lifetime. Howev-
er, when the membrane experiences tighter lipid packing, the
probe adopts a planar conformation, causing an upshift in its
fluorescence lifetime.

We first measured the lifetime of Flipper-TR by fluorescence
lifetime imaging microscopy (FLIM) in pure POPC GUVs and
proteoGUVs (Figure 2A), which were externally supplemented
with the tension probe (1 pM final concentration). A detailed
global analysis of the time-resolved decays by a multiexponen-
tial function revealed the existence of three lifetimes in all condi-
tions (Figure 2B). The shortest lifetime, 7370.3 ns, with a slight
contribution and a low fractional intensity (f; <0.1), was ascribed
to the experimental background (see methods for more details).
As previously reported, the fractional intensity f, of the second
lifetime, (f, = 0.2+0.1), was significantly lower than the frac-
tional intensity f; of the longest lifetime, (ff = 0.7 +0.1). From
now on, we use 71 as a reliable descriptor to monitor the
changes in membrane packing produced by protein activity,
as 7, is more sensitive to errors.®

As expected, the lifetime 71 = 4.3+0.2 ns (N = 237 GUVs from
n = 26 images) of Flipper-TR in POPC GUVs presented
intermediate lifetime values relative to 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) and DOPC:Cholesterol GUVs®
(Figure S1). Similar measurements were then performed in pro-
teoGUVs containing ATP synthase in both the presence and
the absence of ATP, termed as active and passive conditions,
respectively. A first set of measurements showed a small
decrease in 71 in the presence of ATP synthase compared to
bare POPC GUVs, 7f#¢ =41+01ns (N = 126 GUVs
from n = 26 images). Remarkably, with the addition of ATP,
i.e., under rotating conditions, 7y decreased significantly,
7ctve =38+0.3ns (N = 39 GUVs from n = 13 images)
(Figure 2C). In inhibited conditions, i.e., in the presence of ATP
and DCCD, 71 remained similar to the lifetime for passive condi-
tions, Zbited = 4.1.+0.1 ns (N = 33 GUVs from n = 16 images)
(Figure 2C). Since DCCD treatment does not fully inhibit F,F4 ac-
tivity and has little effect on the ATPase activity of ATP synthase
in a decoupled state,® we conducted an additional control exper-
iment using proteoGUVs in the presence of ADP (1 mM). The re-
sulting lifetimes were similar to those observed for POPC vesi-
cles and passive conditions, 427 = 4.4+0.1ns (N = 26 GUVs
from n = 15 images) (Figure S2). Finally, the effect of ATP on
POPC GUVs was also assessed, obtaining lifetimes similar to
those of pure POPC vesicles in the absence of nucleotide,
TJOPC+ATP — 45+02ns (N = 80 GUVs from n = 19 images)
(Figure S8). Along with the findings from micropipette aspiration
experiments (Figure 1), the shortened fluorescence lifetime of the
probe demonstrates a detectable decrease in lipid packing and
membrane lateral pressure by the rotating movement of ATP
synthase.

Cell Reports Physical Science 6, 102567, May 21, 2025 3
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Figure 3. Spatial correlation of ATP synthase and Flipper-TR

(A and B) Fluorescence intensity of both the probe (green channel, f;) and ATP synthase (red channel, /) along the membrane contour of typical proteoGUVs in
passive (A) and active (B) conditions and the probe’s lifetime (z1). Scale bars, 10 pm.
(C and D) Fluorescence intensity values (f1) of both the probe (green channel) and ATP synthase (red channel, /) along the membrane contour of typical pro-

teoGUVs in passive (C) and active (D) conditions.

(E) Violin plot of the correlation coefficient between the fluorescence intensity of Flipper-TR and the ATP synthase intensity for passive (rpassive = 0.53+ 0.08,N =
5) and active conditions (ractive = 0.83+0.06,N = 7). The mean is represented by aline. Mean values are expressed as the mean + SD from N vesicles. Statistical

significance: **p < 0.01.

Interaction of Flipper-TR with ATP synthase

The slight decrease in 71 due to the presence of ATP synthase
(Figure 2C), while bending stiffness remains unchanged
(Figure 1C), suggests a specific enzyme-probe interaction
that may alter the fluorophore’s photophysics, creating an
apparent lipid packing reduction. To quantify this effect in
active conditions and confirm that ATP synthase’s rotational
motion reduces the lateral pressure of the embedding lipid
bilayer, we compared the spatial distribution between the fluo-
rescent probe and ATP synthase within proteoGUVs. For this,
proteoGUVs were built with previously labeled ATP synthases
with Alexa 555. A first analysis considered the spatial correla-

4 Cell Reports Physical Science 6, 102567, May 21, 2025

tion between ATP synthase and Flipper-TR based on the fluo-
rescence intensities in both passive and active conditions
(Figures 3A and 3B). Unlike pure POPC vesicles, which pre-
sented a homogeneous distribution of the probe along the
membrane (Figure S4), proteoGUVs sometimes displayed
areas of the membrane with a higher protein concentration
that was accompanied by a concomitant accumulation of the
probe (Figures 3C and 3D). The spatial correlation of fluores-
cence intensities confirmed a significant association between
ATP synthase and the tension probe in both passive
(rpassive = 0.53+0.08, N = 5) and active (ractive = 0.83+0.06,
N = 7) conditions (Figure 3E).
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Figure 4. Concentration effects on the lifetime of Flipper-TR
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(A) Lifetime of Flipper-TR as a function of the probe concentration on supported lipid bilayers (SLBs) made of POPC. Linear fit: 7y = m-S2+ b, wherem =

—0.016and b = 3.999.

pixel

(B) Experimental (black) and theoretical (red) lifetimes measured along representative POPC GUVs and proteoGUVs under passive and active conditions. 7, is

calculated for every pixel along vesicle contours using the linear fit in (A).

(C) Violin plot of 74 — 71 for POPC GUVs (N = 9) and proteoGUVs under passive (N = 7) and active conditions (N = 7). Statistical significance: *p < 0.01.

A high local concentration of Flipper-TR might provoke the self-
quenching of the probe. Self-quenching is manifested as a
decrease in the fluorescence lifetime in addition to a reduction of
fluorescence intensity. The degree of concentration for self-
quenching highly depends on the quenching mechanism, which
can occur via collisions between excited fluorophores, the forma-
tion of non-fluorescent dimers, or energy transfer to the non-fluo-
rescent dimers. The discovery of the molecular mechanism
yielding self-quenching of Flipper-TR is out of the scope of this
work, but we investigated whether the lifetime of the probe was
affected by a heterogeneous distribution along the membrane.
For this, we measured the lifetime of Flipper-TR in supported lipid
bilayers made of POPC with increasing concentrations of the
probe (Figure 4A). Indeed, the lifetime of Flipper-TR decreased lin-
early with the concentration of the probe within the lipid bilayer as
quantified by the fluorescence intensity (counts per pixel). From
the linear fit, we could compare the theoretically predicted lifetime
considering the concentration of self-quenching and the experi-
mental value along the lipid bilayer of POPC GUVs or passive
and active proteoGUVs (Figure 4B). Interestingly, whereas POPC
and passive proteoGUVs displayed similar theoretical and exper-
imental lifetimes, active membranes were characterized by exper-
imental lifetimes lower than theoretically predicted (Figure 4C).
This confirms that the rotational activity of ATP synthase unequiv-
ocally leads to a decrease in lateral pressure and lipid packing
within lipid bilayers, independent of any potential quenching
effects caused by the interaction of the probe with the protein.

ATP synthase modulates the elastic properties of
plasma membrane in Bacillus subtilis

To gain deeper insight into how ATP synthase might modify the
elastic properties of their host membranes in living cells, we

tested the tension probe in in vivo models. Since gram-negative
bacteria, such as E. coli, prevent the uptake of the tension probe
due to their highly impermeable cell wall, we used the gram-pos-
itive B. subtilis as a suitable model for bacterium staining with
Flipper-TR."® Bacteria display significant cell-to-cell heteroge-
neity in metabolism, which might impair the detection of mem-
brane remodeling driven by the rotation of ATP synthase. To
reduce the variability in ATP synthase activity among individual
cells, the growth rate of cell culture was kept constant through
serial dilutions (see methods). After at least two mass doubling
steps, the cells were externally labeled with Flipper-TR, which
clearly stained the plasma membrane and discerned the septum
in dividing bacteria (Figure 5A).

Similar to GUVs and proteoGUVs, the fluorescence emission
decay curves were fitted using three exponential components.
Again, the reported lifetime corresponds to the longest compo-
nent for the same reasons stated above. As a control, the basal
packing state of the plasma membrane in B. subtilis was charac-
terized by a lifetime of 71 = 4.6 +0.1 ns (29 images fromn = 4 in-
dependent experiments), in agreement with data previously re-
ported for gram-positive bacteria.'® The high value for 7y might
reflect the crowded environment of bacterial membranes.'
The activity of ATP synthase was then modulated using specific
drugs. First, cells were treated with the protonophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), which disrupts
the proton gradient across the plasma membrane, thereby
enhancing ATP synthase activity as an attempt to compensate
for proton leakage.” Upon CCCP incubation, Flipper-TR
showed a decrease in lifetime to z$°P = 4.4+ 0.1 ns (29 images
from n = 4 independent experiments). However, the inhibition of
ATP synthase with DCCD'"'? did not alter the basal lifetime of
untreated cells, PP = 4.6+0.2ns (30 images from n = 4

Cell Reports Physical Science 6, 102567, May 21, 2025 5
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Figure 5. FLIM of B. subtilis labeled with
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Flipper-TR

(A) Fluorescence lifetime imaging of Bacillus
subtilis. Scale bar, 5 pm.

(B) Violin plot of Flipper-TR lifetime, 71, of
B. subtilis cultures upon incubation with different
drugs: control (4.6 + 0.1 ns, 29 images from
n = 4), +CCCP (4.4 + 0.1 ns, 29 images from
n=4),+DCCD (4.6 + 0.2 ns, 30 images fromn = 4),
and +DCCD +CCCP (4.6 = 0.1 ns, 31 images from
n = 4). The mean is represented by a line. Mean
values are expressed as the mean + SD for N
images from n independent experiments. Statis-

% %k k

independent experiments). Unlike in the in vitro experiments,
Flipper-TR is not sensitive enough to detect the inhibited activity
of ATP synthase in native membranes under the experimental
metabolic state, possibly due to the crowded nature of the
bacterial membrane. Interestingly, bacteria treated with
both DCCD and CCCP also maintained the basal lifetime,
7§CCP+DCCD = 4.6 +0.1 ns (31 images from n = 4 independent ex-
periments), suggesting that this double treatment confirms that
Flipper-TR is insensitive to changes in membrane potential,
consistent with previous findings.® As DMSO (0.8% v/v) was
used as a solvent for both CCCP and DCCD, control experi-
ments were conducted with cells exposed to DMSO alone
(0.8% v/v). Since the Flipper-TR lifetime remained unchanged
over more than 60 min, we can rule out any significant impact
of DMSO on the structural properties of the bacterial plasma
membrane (Figure S5).

DISCUSSION

Active membranes are dynamic systems where embedded pro-
teins or molecular motors, such as ATP synthase, actively
generate forces that affect the membrane’s mechanical proper-
ties and behavior.'® In this context, the rotational movement of
ATP synthase not only plays a vital role in energy production
but also impacts the surrounding lipid bilayer, as shown in our
findings. First, with micromanipulation experiments in a reconsti-
tuted system, we demonstrate that rotation reduces the mem-
brane tension of the embedding lipid bilayer, which in turn leads
to an apparent decrease in the membrane’s bending modulus,
as reported for other ion channels such as bacteriorhodopsin
(BR)'"'® and Ca®** ATPase'® using micropipette aspiration.
Although we sometimes find heterogeneous protein distribution
along the lipid bilayer (see Figures 2A and 3A) the micropipette
aspiration technique inherently provides an ensemble-averaged
measurement, where the elastic deformation occurs over a large
membrane area, reducing the impact of local protein concentra-
tion variations. In addition, our experimental data show consis-
tent bending rigidity values across multiple individual vesicles,
indicating that protein clustering does not introduce significant
variability. However, the protein density in our system remains
low (from 10" to 10" proteins/m?3).°> As changes in the lipid
packing induced by protein activity are local,’ the elastic remod-
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eling observed here could be enhanced at higher intermediate
protein densities. However, an extreme protein crowding, as
seen in bacterial membranes, can lead to membrane rigidifica-
tion and mask the observed effect.””

A decrease in membrane tension is often linked to enhanced
membrane fluctuations observed in active membranes due to
the forces generated by the embedded proteins. Initially modeled
for ion channels, enhanced fluctuations are grounded on the
forces generated by a change of conformation of the pumps,
acting as force dipoles.'® However, a direct link to relate the mo-
lecular effect of activity and the force generation remains elusive.
Similar to BR,'® Na* ATPase,”' and K* ATPase,” ATP synthase
also exhibits non-equilibrium membrane fluctuations,® but its
force generation mechanism might rely on the rotational move-
ment of the c-ring instead. We have proposed that the enhanced
fluctuations in membranes containing rotors may result from local
perturbations in lipid packing around the rotating proteins, a hy-
pothesis supported by molecular dynamics simulations.® These
coarse-grained simulations described an expansion of the acyl
lipid chains under rotating conditions up to %7 nm away from
the F, proteins. Disruption of lipid packing reduces the mem-
brane’s overall tension, leading to increased flexibility and dy-
namic movement. However, direct experimental evidence linking
these phenomena remained elusive.

Our results using FLIM with the fluorescent lipid tension re-
porter Flipper-TR in model membranes confirm that ATP syn-
thase rotation leads to measurable changes in membrane prop-
erties, specifically, a reduction in the lipid packing density. Our
experiments reveal that the spin movement of ATP synthase
produces a significant decay in the lifetime decay of the
tension probe from 25" = 4.1 +0.1 ns to {°¢ = 3.8+ 0.3 ns
(Figure 2). Furthermore, Flipper-TR is insensitive to membrane
potential,® which discards any side effect from the concomitant
proton pumping of protein during ATP hydrolysis,” confirming
that the membrane becomes less packed under rotational forces
(Figure 6). However, the obtained FLIM data represent an
ensemble-averaged measurement in both time and space along
the membrane. The spatial resolution of fluorescence micro-
scopy ranges from 100 to 200 nm, and images are taken at an
approximate scan rate of 1 frame per second, a much slower
timescale than protein dynamics. As a result, it is insufficient to
capture a localized elastic remodeling.
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Still, our findings provide compelling evidence that rotation
decreases the lateral pressure within membranes, altering their
overall mechanical properties and potentially influencing a
wide range of membrane-associated processes. In addition to
enhanced membrane fluctuations,® protein rotation also drives
the curvature sorting of ATP synthase into lipid nanofilaments.®
The underlying mechanism for this curvature sorting is consis-
tent with short-range, membrane-mediated protein-protein in-
teractions, which are likely driven by changes in lipid packing
in the immediate vicinity of the rotating proteins. These local per-
turbations in lipid organization might also play a crucial role in
facilitating the self-assembly and spatial arrangement of proteins
within real membranes.

Importantly, we extended these findings to living bacteria,
demonstrating that ATP synthase modifies the elastic proper-
ties of native membranes, as detected by a change in the life-
time decay of Flipper-TR. However, biological membranes
contain hundreds of lipid species and transmembrane proteins
interacting and defining the membrane structure, organization,
physical properties, and biological function. Thus, many other
factors might play a role in membrane physical property mod-
ulation in vivo. In particular, the four-acyl-chain lipid cardiolipin
(CL) shows a strong interaction with the F, domain of ATP syn-
thase.?”?® A role as a lubricant has been suggested for CL,**
providing this lipid with the potential capability of buffering the
rotational effects within biological membranes. Moreover,
bacterial cell membranes exhibit a high protein-to-lipid ratio
(70/30 w/w),"* which might impair the membrane-mediated
interaction between rotating proteins. In particular, B. subtilis
presents a dynamic and heterogeneous distribution of ATP
synthase within the plasma membrane.?® This discrete locali-
zation within the membrane might have an impact on the mea-
surements by FLIM. Again, each data point represents an
ensemble-averaged lifetime, whose value derives from all de-
tected photons from different cells in a single field of view,
effectively masking any molecular heterogeneities of the
plasma membrane. Microenvironmental differences are not
individually resolved but instead contribute to a smoothed,
representative value. Nonetheless, dithienothiophene flip-
pers®® are fluorescent membrane probes with high mechano-
sensitivity,®>*” characterized by partitioning into different
membrane domains without strong specificity?” while causing
negligible disturbance to the surrounding membrane struc-
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Figure 6. Elastic remodeling of lipid mem-
branes by rotating ATP synthase as de-
tected by Flipper-TR

In the absence of rotation (A), the lifetime value is
high, corresponding to a basal packed state (red).
Upon incubation with ATP, i.e., under active con-
ditions (B), rotation of the c-ring lowers the lipid
packing and the lateral pressure of the lipid
membrane as reported by a decrease in the life-
time of the Flipper-TR probe (green). In conse-
quence, the membrane tension, o, is reduced and
the apparent bending modulus, kapp is decreased.

ture.”® They also have shown a specific labeling of biological
membranes®® insensitive to membrane potential® and negli-
gible fluorescence in water.>**° Flipper-TR is thus a tension
probe that effectively detects changes in lipid packing in a bio-
logical context, underscoring the relevance of our results
beyond model systems.

Overall, our results position ATP synthase rotation as a key
modulator of membrane structure and dynamics. The rotational
movement of ATP synthase, both in vitro and in vivo, reduces
membrane tension, establishing a direct link between the pro-
tein’s activity and the mechanical properties of the embedding
membranes. The change in lateral pressure of membranes by
the ATP synthase rotation may have important implications for
the dynamic behavior of rotating proteins themselves, particu-
larly in terms of their diffusion rates and mobility within mem-
branes. Furthermore, understanding how rotating proteins
impact phase-separated membranes could uncover new modu-
lator roles for ATP synthase in lipid organization and cellular
function. This may be especially significant in contexts where
lipid heterogeneity is critical to biological processes in complex
eukaryotic cells. Notably, the observed effects could be particu-
larly relevant in mitochondrial membranes, where ATP synthase
and CL are known to play a fundamental role in shaping the
structure of cristae.® The precise molecular interactions be-
tween ATP synthase and the lipid bilayer in real biomembranes,
as well as how the enzyme translates its rotary motion into mem-
brane deformations, remain speculative, though,*” and require
further studies.

METHODS

Chemicals

Magnesium chloride (MgCl,), sodium chloride (NaCl), potassium
chloride (KCI), glucose, sucrose, tris(hydroxymethyl)Jaminome-
thane (Tris), adenosine 5'-triphosphate disodium salt (2Na* -
ATP), DCCD, carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), bovine serum albumin (BSA), poly-L-lysine, and mineral
oil were supplied by Sigma-Aldrich. n-dodecyl-f-d-maltoside
(DDM) was purchased from VWR. Dimethyl sulfoxide (DMSO)
was purchased from Fisher Scientific. Bacto tryptone and Bacto
yeast extract were purchased from BD. Phosphate-buffered sa-
line (PBS) was provided by GE Healthcare. Alexa 555-NHS was
acquired from Thermo Fisher (Molecular Probes). Ultrapure
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water was produced from a Milli-Q unit (Millipore, conductivity
lower than 18 MQ/cm).

Lipids
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-
1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-PC) and 1-pal-
mitoyl-2-oleyl-sn-glycero-3-phosphocholine (POPC) were pur-
chased from Avanti Polar. Flipper-TR was purchased from
Spirochrome. Lipids were suspended in chloroform and stored
at —20°C. Flipper-TR was suspended and aliquoted in DMSO
and stored at —20°C.

Electroformation of GUVs

Giant vesicles were prepared using the standard electroforma-
tion protocol.*® The fabrication chamber was composed of two
1-mm-spaced conductor indium tin oxide (ITO)-coated slides
(7.5 x 2.5 cm?; 15-25 Q/sq surface resistivity; Sigma). Briefly,
GUVs were prepared by transferring a volume of 10 pL of the
POPC solution in chloroform (0.5 mg/mL) onto each ITO slide.
For bending modulus experiment GUVs, the POPC solution
was supplemented with 0.5%-3% mol NBD-PC. Samples
were dried at room temperature and rehydrated in 200 mM su-
crose, and the electrodes were connected to an AC power sup-
ply (10 Hz, 1.1 V; Agilent) for at least 3 h.

Protein purification and fluorescent labeling

Bacterial ATP synthase was purified from native E. coli MG1655
cytoplasmic membranes as described in Gutiérrez-Sanz et al.*
and fluorescently labeled with fluorescent Alexa 555-NHS as
described in Almendro-Vedia et al.” Labeled proteins were
conserved in stock solution (200 mM sucrose, 10 mM KClI,
10 mM Tris-HCI [pH 8], and 0.5 mM DDM) at —80°C.

Protein reconstitution into GUVs

Protein reconstitution into GUVs was performed by mild detergent
treatment with DDM.®® Briefly, 0.4—1 pL of protein stock solution
(~0.2 mg/mL) was diluted with 10 puL of GUV solution and incu-
bated for 45 min at room temperature. The DDM concentration
was then below its critical micelle concentration (cmcppy =
0.17 mM), promoting protein incorporation in the membranous
environment.

Micropipette aspiration experiments and bending
modulus assay

The micromanipulation system consisted of a homemade micro-
manipulator using a pipette holder (Narishige) and a micrometer
screw mounted on a vertical platform (ThorLabs). Borosilicate
capillaries (0.5-mm inner diameter [ID] and 1-mm outer diameter
[OD], World Precision Instruments) were pulled (PC-100, Narish-
ige) and forged (MFG-5, Microdata Instruments) to form tips with
5-12 pm internal diameter. The micropipette was connected
through the pipette holder to water tanks, and aspiration was
controlled by hydrostatic pressure. The micromanipulation
chamber was made up as previously reported.® The whole sys-
tem was mounted on a Nikon Ti-E inverted microscope equip-
ped with a Nikon C2 confocal scanning module, 488 and
561 nm continuous lasers (Sapphire), and a Plan Apo 100x NA
1.45 oil immersion objective (Nikon). Both the pipettes and the
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chamber were incubated with BSA (1 mg/mL) for 5 min at
room temperature to inhibit strong adhesion of vesicles to the
bottom of the observation chamber. After being washed, the
chamber was filled with 200 mM salt buffer (15 mM HEPES
[pH 7.4], 5 mM MgCl,, 55 mM NaCl, and 100 mM glucose) and
10-20 pL of GUVs or proteoGUV solution. For active conditions,
ATP was added (100 mM ATP, 100 mM potassium phosphate
buffer [pH 7.2], and 100 mM MgCl,) into the chamber buffer
before manipulation to a final concentration of 1 mM. To avoid
back-pressure effects from induced ApH and AW, both micropi-
pette and FLIM experiments (see below) in GUVs lasted less than
30 min after the sample was incubated with ATP for every single
data point. Both ApH and AY reach steady values after 30 min of
triggering the activity of the protein (see Almendro-Vedia et al.”).
To measure the bending modulus with the micromanipulation
device, a GUV is pulled out by a cylindrical micropipette in the
aspiration mode.®® The pressure difference, Ap, between the
vesicle interior and the pipette determines the membrane ten-

sion, 6, as ¢ = Ap% <1 - g—‘v’), where R, is the micropipette
radius and Ry the vesicle radius. For a vesicle under suction at
a given Ap, a protrusion length, L,, is aspirated inside the
pipette, and the relative excess area a = AA?—OA“ = % is given by:

) - ()

where AL, is the variation in the protrusion length after applying a
suction pressure, o, and the protrusion length measured at the
initial low tension, oq. For low tensions, the entropic regime dom-
inates and the bending modulus is obtained from the linear fitting
of the Canham-Helfrich equation, which connects the relative
excess area a and the membrane tension ¢ through’

n o N8m<a
o0 NkBT

where « is the bending modulus of the vesicle and kg T is the ther-
mal energy.

_ AL

a = ﬁ (Equation 2)

(Equation 3)

Labeling of GUVs and proteoGUVs with Flipper-TR
Typically, 20 pL GUVs or proteoGUVs were diluted in 200 pL of
buffer (10 mM HEPES [pH 7.2], 180 mM glucose, 100 pM MgCl,,
and 5 mM NaCl) and supplemented with the tension probe
Flipper-TR at a final concentration of 1 pM for 15 min (typically
0.2 pL was added). For active conditions, ATP was added
(100 mM ATP, 100 mM potassium phosphate buffer [pH 7.2],
and 100 mM MgCl,) to the observation chamber buffer before im-
aging to reach a final concentration of 1 mM. For non-hydrolyzable
experiments, ADP was added (100 mM ADP, 100 mM potassium
phosphate buffer [pH 7.2], and 100 mM MgCl,) to the observation
chamber buffer before imaging to reach a final concentration
of 1 mM.

B. subtilis strain and growth conditions
B. subtilis ATCC 6051 was grown in LB medium and incubated
aerobically overnight at 37°C in a shaking incubator and then
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diluted 40 times. The optical density at 600 nm (ODgqo) Was
measured periodically using an ultraviolet-visible (UV-vis) spec-
trophotometer (Genesis 10; Fisher Scientific) and always kept
below 0.5 by serial dilutions (at least two) with pre-warmed me-
dium for 5-6 h to increase the cell-to-cell homogeneity in
metabolism.

Labeling of B. subtilis with Flipper-TR

Typically, 100 pL from the last diluted culture (at 0.3-0.5 ODgqo)
was centrifuged at 3,000 x g for 5 min at 25°C and resuspended
into 100 puL of PBS supplemented with 0.2% (w/v) glucose. When
required, bacteria were then incubated for 30 min at 37°C with
10 pM CCCP and/or 10 pM DCCD (final concentration). Both
control and treated bacteria were exposed to 0.4% v/v DMSO
at this incubation step. Bacteria were then transferred to a pre-
poly-L-lysine-coated well and further incubated for 15 min at
37°C with Flipper-TR at a final concentration of 4 uM (0.8% v/v
DMSO final concentration at imaging) (Figure S3).

FLIM

FLIM imaging was performed on a Nikon Eclipse Ti2 inverted mi-
croscope with the PicoQuant Upgrade Time Correlation Single
Photon Counting (TCSPC) Kit (PicoQuant GmbH, Germany)
adapted for time-resolved fluorescence measurements. Excita-
tion at 485 and 560 nm was performed by a picosecond laser
diode head LDH-D-C-485 and an LDH-D-TA-560C, respectively
(PicoQuant GmbH, Germany), with an excitation rate of 20 MHz,
and the emission signal was collected through a 600/50 nm
band-pass filter. Samples incubated with Flipper-TR were
analyzed with PicoQuant SymPhoTime 64 software (Fast FLIM;
PicoQuant, Germany) using a multiexponential function with three
lifetimes to fit nanosecond time-resolved decays. The weight of
the each lifetime was quantified by the corresponding fractional in-

. The third exponential was

ajti

tensity, as defined asf; = | = 237’
i=1

attributed to the experimental background and fixed during the
fitting process. Lifetimes 71 and 7o were left free in all the analyses.

Spatial correlation between ATP synthase and Flipper-
TR in proteoGUVs

To calculate the spatial correlation between the fluorescence in-
tensities of Flipper-TR and ATP synthase in proteoGUVs, the
fluorescence intensities of Flipper-TR (green channel) and ATP
synthase (red channel) along the contour of the vesicles were
linearized and correlated using a cross-correlation function in
MATLAB R2023b.°

Flipper-TR in supported lipid bilayers

POPC lipids in chloroform were dried with a SpeedVac concen-
trator at room temperature and resuspended in distilled water to
a final lipid concentration of 1 mg/mL. The lipid suspension was
sonicated with a tip sonicator (Vibra-Cell 75115 Ultrasonic Liquid
Processor) for 10 min in 5-min on-off cycles (40% power) to form
unilamellar liposomes. Supported lipid bilayers (SLBs) were pre-
pared in custom-made observation chambers (200 puL) on a thor-
oughly cleaned coverslip (Epredia 24 x 60 mm #1; 0.13-0.16 mm).
The chamber was filled with 100 pL of a saline solution (100 mM
NaCl and 150 mM MgCl,) and 20 pL of small unilamellar vesicles
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(SUVs) of POPC (1 mg/mL) and incubated for 10 min. SLBs were
washed out with buffer (10 mM HEPES [pH 7.2], 180 mM glucose,
100 pM MgCl,, and 5 mM NaCl) and incubated with Flipper-TR at
different final concentrations for 15 min at 25°C. The lifetime, 74, of
Flipper-TR was plotted versus the concentration of the probe, as
measured by counts/pixel. From the linear fitzy = m-/+b, we ob-
tained m and b parameters to calculate the theoretical lifetime at a
given experimental intensity in other samples.

Statistical analysis

Bending modulus and lifetime values were tested via ANOVA. Dif-
ferences among means were assessed using the Tukey mean dif-
ference test. Statistically significant difference was established as
*p < 0.05, ** < 0.01, **p < 0.001, or ***p < 0.0001. The differ-
ences between the spatial correlation coefficients in the active
and passive conditions were compared using t test.
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