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ATP synthase is a rotating membrane protein that synthesizes
ATP through proton-pumping activity across the membrane. To
unveil the mechanical impact of this molecular active pump on the
bending properties of its lipid environment, we have functionally
reconstituted the ATP synthase in giant unilamellar vesicles and
tracked the membrane fluctuations by means of flickering spectros-
copy. We find that ATP synthase rotates at a frequency of about 20 Hz,
promoting large nonequilibrium deformations at discrete hot spots in
lipid vesicles and thus inducing an overall membrane softening.
The enhanced nonequilibrium fluctuations are compatible with an
accumulation of active proteins at highly curved membrane sites
through a curvature—protein coupling mechanism that supports
the emergence of collective effects of rotating ATP synthases in
lipid membranes.

giant vesicles | active membranes | mechanical properties | flickering
spectroscopy | biological nanorotors

he rotating F{F,-ATP synthase (F;Fo,-ATPase) is the trans-
membrane protein complex responsible for the cellular ATP
production, a nonspontaneous chemical reaction that is catalyzed
in the presence of an electrochemical proton gradient across the
lipid membrane (1). The electrochemical gradient or proton-
motive force is composed of an electric charge gradient (A¥)
and a chemical proton gradient (ApH), which regulate the optimal
functionality of the F;Fy-ATPase. This mechanism for ATP bio-
synthesis is functionally and structurally conserved in all kingdoms
of life (2). In recent decades, ATP synthesis function has been
artificially reconstituted using several model systems. An impor-
tant achievement was the combined reconstitution of the chloro-
plast FiFp-ATPase together with a light-inducible proton pump
(3). ATP synthesis has been also reconstituted in vitro on different
support substrates such as silica particles (4), polymersomes (5),
electrode surfaces (6, 7) and nanowires (8), which are potentially
exploitable in technological applications. Recently, the Escherichia
coli bo3 proton transporter and the E. coli F{Fy-ATPase have been
functionally reconstituted into giant unilamellar vesicles (GUVs)
by using oppositely charged liposome fusion techniques (9).
GUVs are suitable model membranes that allow the perfor-
mance of cytomimetic studies using microscopy-assisted methods,
where micropipette manipulation techniques (10) and flickering
spectroscopy analysis (11, 12) extract the mechanical properties of
membranes. In particular, fast video microscopy makes mem-
brane dynamics easily accessible from the stochastic analysis of
the membrane fluctuations (12). The GUV model has been
exploited in recent years to get quantitative descriptions of the
mechanical impact of different transmembrane proteins or su-
pramolecular assemblies on lipid bilayers (13-16). However, the
mechanical influence of the rotating F;F,-ATPase on its embed-
ding lipid membrane has not been explored yet. This important
issue is of particular interest, as a curvature-inducing mechanism
has been suggested for this protein complex in the formation
of membrane invaginations (cristae) in the inner mitochondrial
membrane (17-19).

www.pnas.org/cgi/doi/10.1073/pnas.1701207114

Here, we report the functional reconstitution of E. coli F1Fy-
ATPase into GUVs composed of a native E. coli lipid extract
(F1Fo-GUVs). By using flickering spectroscopy, we show that
F,Fy-ATPase activity induces nonequilibrium membrane fluctu-
ations additional to thermal motions at discrete regions of the
membrane. Thus, the rotating F,Fy-ATPase promoted an overall
membrane softening that is detected as a significant decrease of
the effective bending modulus and a lowering of surface tension
(15). Furthermore, we found an additional relaxation process
characterized with a constant rate of I, = 20 s, which is found
independent of the spatial scale probed. This active relaxation
rate coincides with the rotational dynamics of the ATPase en-
zyme. The nonequilibrium character of the membrane fluctua-
tions accounts for active membrane motions arising from the
coupling between the pumping activity of clustered proteins and
the bending modes of the membrane.

Materials and Methods

Electroformation of GUVs. Giant vesicles were prepared using the standard
electroformation protocol using indium-tin-oxide (ITO)-covered slides (20).
GUVs made of E. coli total lipid extract (TLE) (EcGUVs) were prepared by
transferring on each ITO slide two 5-uL drops of 20 mg/mL E. coli TLE. Elec-
troformed F1Fo-GUVs (E-F1Fo-GUVs) were prepared by spreading on each ITO
slide 10 pL of F1Fy small unilamellar vesicles (FiFo-SUVs) (see Supporting In-
formation for details). Then, the films were rehydrated in sucrose solution
(200 mM, pH 6), and the electrodes were connected to an AC power supply
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(500 Hz, 1.1 V; Agilent) for at least 3 h. E-F;Fo-GUVs were almost spherical and
unilamellar. The size and unilamellarity distributions are shown in Fig. S1.

Detergent-Based Reconstitution of the F;Fy,-ATPase in GUVs. EcGUVs were
prepared by electroformation in the presence of 200 mM sucrose, 0.2 mM of
n-Dodecyl-p-d-maltoside (DDM), and 150 pM pH-sensitive fluorescent probe
pyranine. Then, F;Fo-GUVs produced by detergent removal (D-F;Fo-GUVs)
were formed by incubating 10 nM purified F;Fo-ATPase with 0.25 mg/mL
EcGUVs for 2 h at 4 °C. The excess of detergent was removed with SM2 Bio-
Beads (Biorad) according to manufacturer’s instructions (21).

Activation of F,Fy-ATPase On Addition of Valinomycin. Twenty-five microliters
of F1Fo-GUVs were diluted three times in an iso-osmolar reaction buffer
(50 mM KCI, 10 mM K;HPO,4 10 mM Na,ADP, 5 mM MgCl,, and 30 mM
Hepes pH 7.2) and incubated for 15 min at 20 °C to let pH equilibrate. F1Fo-
GUVs were activated on addition of 10 pM valinomycin in ethanol (<1% vol
final concentration) (22). For control experiments, F;1Fo-GUVs were incubated
with the triggering solvent in the absence of valinomycin.

Fluctuation Spectroscopy and Membrane Mechanics. To obtain the spectrum of
the membrane fluctuation modes P(q), movies of the fluctuating GUVs are
recorded at their equatorial plane by high-velocity video microscopy in the
phase contrast mode (see Supporting Information for details). At a given time
t, the shape fluctuations are described as discrete Fourier modes, that is,
h(t)= thq(t)e’q", where q = lIR, is the equatorial projection of the fluctua-
tion wave vector (/ =2, 3, 4, ... ). The spectrum is given by the variance of the
mode amplitudes, which is P(q) =L2(h5> (£2 is the area of the membrane); for
thermal fluctuations (11),

) kBT 1 K
P (‘7)=¥{6—UW]: (1

where kgT is the thermal energy, the bending modulus (x) and the surface
tension (s) can be obtained by fitting to the experimental mode amplitudes.
The case of nonequilibrium modes driven by protein activity has been
studied by Prost and coworkers (13, 23, 24). For the equatorial spectrum,
they deduced (24)

AkgT
P () = P (cert kef) + 7 [2]

2 2 4 Oeff 3/2
Ake (q +§)
with effective mechanical parameters depending on the activity of the
protein, and

A= (F2-EF) /4 [31
being an effective amplitude for the active term. Here, Fy is a generalized force
stressed by the active components, and E is a coupling constant that accounts
for the energy involved in creating local curvature by a net imbalance of
pumping activity between the two sides of the membrane. The susceptibility
involved in creating such imbalance is denoted by ¢ (see Supporting In-
formation for details). Within the active vesicle theory, this curvature—protein
coupling induces a softening that is described as a decrease of the effective
bending modulus as (13)

Keff=K—EZ/§. [4]
Membrane dynamics can be studied by probing the experimental autocor-
relation function (24)

(hg(t' = )hg(t)=(hZ) e ot +(h2) e Tt 51

which consists of the ordinary time relaxation of the thermal mechanical
mode (passive), plus an extraordinary term that describes correlations within
the nonequilibrium (active) fluctuations. For a passive membrane fluctuating
in a fluid of viscosity 5 the autocorrelation function (ACF) is found as a
single-exponential decay for thermal modes with a relaxation rate (25),

pass

I'o= (aq + qu)/4n. [6]

Results

Reconstitution of the E. coli F,Fy-ATPase in GUVs. F,F-GUVs were
formed either by electroformation of F{F,-SUVs (26) or by
detergent-mediated (27) incorporation of the purified F,F,
complex into preformed EcGUVs (Fig. S2 A and B; see Materials
and Methods for details). For both types of GUVs, the incorporation

11292 | www.pnas.org/cgi/doi/10.1073/pnas.1701207114

of the F;Fy-ATPase was confirmed by Western blotting using spe-
cific antibodies that specifically recognize the beta (~50 kDa) and b
subunit (~17 kDa) of F; and F, respectively (Fig. S3). Additionally,
we checked the reconstitution of the F;Fy, complex into the
detergent-mediated GUVs with Alexa-647 labeled F,F,-ATPase.
Confocal microscope images show the fluorescence signal of
proteins in the GUV membrane (Fig. S2C). After quantlflcatlon
we found two protein density ranges: ny = 10'® proteins per
square meter (correspondm% to an area fraction of 0.15%) for
D-F,F)-GUVs and n, = 10' proteins per square meter (corre-
sponding to an area fraction of 1.5%) for E-FF;-GUVs.

Then we checked the enzymatic activity of F;Fy-ATPase in
GUVs (Fig. 14). ATP synthesis is triggered by the addition of
the selective K* transporter valinomycin (22). As a consequence
of K* internalization, protons are pumped out through the ro-
tating proton channel of the F, subunit. The presence of the
pH-sensitive fluorescent probe pyranine is used as a reporter to
visualize luminal basification (28), which is indicative for ATP
synthesis, as both enzymatic processes are strictly correlated. After
valinomycin addition, we observed an average increase of fluo-
rescence in the lumen of F;Fy,-GUVs (Fig. 1B, Top). The green
luminal fluorescence increased until it reached a plateau after
several minutes of incubation. In contrast, we did not observe any
pyranine fluorescence intensity increase in EcGUVs experiments
performed in the absence of F,F, proteins (Fig. 1B, Bottom). The
average increase of fluorescence corresponded to a ApH of 1.5 to
2 units (Fig. S4) as measured from the calibration curves shown in
Fig. S5 (see Supporting Information for details). The distribution of
the basification rates is shown in Fig. S6. Both E-F;F,-GUVs and
D-F;F,-GUVs displayed similar distributions, asa vast majority of
vesicles had a basicity rate of k, ~ 0.01 min~". This indicates that
both F;F,-GUVs presented similar protein activity. Despite a
more efficient reconstitution of the F;F, complex in E-F;F,-
GUVs, the electroformation process in the absence of salts may be
harmful for proteins, and the effective concentration of proteins
could be reduced. Even so, a small fraction of E-F,F;-GUVs
showed larger basicity rates in comparison with D-F;Fy-GUVs, in
agreement with a higher protein/lipid ratio on reconstitution.

Although the lumen increase of pH adjusts to the expected
ApH as calculated by the Nernst potential due to K* internali-
zation, an independent measurement of the membrane potential
by the fluorescent probe Rhodamine 123 indicates that the recon-
stituted F1F,, complexes are not able to completely compensate the
membrane potential triggered by the valinomycin molecules (Fig.
S7). After the initial regime of rapid ATP synthesis rate, the protein
activity is expected to be maintained, as A¥ is not completely
dissipated and the ATP synthesis by FiFy-ATPase of E. coli
depends on the presence of an electric membrane potential (29).

A FF, ADP + Pi
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Fig. 1. Reconstitution of the E. coli F1Fy-ATPase in GUVs. (A) Schematic
cartoon of FiFy-ATPase reconstitution into giant vesicles (Left). ATP synthesis
is triggered on valinomycin incubation that creates a membrane potential,
positive in the lumen of the vesicle. Proton outward translocation through
F1Fo-ATPases is monitored by the pH-sensitive fluorophore pyranine (green).
The lipid bilayer was doped with 0.5% mol RhPE (orange dye). (B) Proton
efflux kinetics of E. coli GUVs on valinomycin incubation as observed under
fluorescence microcopy, in the presence (Top) and in the absence (Bottom)
of FyFo-ATPases. (Scale bar: 10 microns.)
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Fig. 2. Membrane fluctuations of single D-FiFo-GUVs. Typical membrane
fluctuation maps of a single D-F{Fo-GUV at different time intervals (Ht,
handling time) under (A) active conditions and (B) passive conditions. Scale
bar represents the SD value (RMSD in nanometers) of the local membrane
fluctuations measured in real space at the equatorial vesicle plane as h(i,t) —
ho, where h accounts for the time membrane position i and hy is the time
average value. For illustration, see Movie S1.

Membrane Fluctuations. To directly observe the impact of the ATP
synthesis on the bending properties of lipid membranes, we per-
formed single-vesicle fluctuation spectroscopy on FFy-GUVs
under ATP-producing (active) and non-ATP-producing (passive)
conditions (Movie S1). Fig. 2 illustrates the membrane fluctuation
maps of single GUVs which are obtained as the root mean SD
(RMSD =o;,=(h ) ) of the local fluctuation time traces recor-
ded at different time intervals counted from the beginning of the
reaction. On the addition of valinomycin, F;F)-GUVs membrane
fluctuations became larger during protein activity and were char-
acterized as membrane displacements far away from the equilib-
rium position (Fig. 24). This observation correlates with the
increasing protein activity established by the increasing AY during
the first 20 min after the addition of valinomycin (Fig. S7).
Moreover, active F{Fy-GUVs showed enhanced fluctuations at
discrete regions of the membrane, whose relative position varied
from one time interval to another. The passive F{F,-GUVs
exhibited initially similar but low fluctuations than active FFy-
GUVs (Fig. 2B). In this case, the fluctuations remained weak in
amplitude along time and were characterized by a low value of the
SD (6, ~ 15 nm). Nonetheless, the active vesicles displayed
increasing enhanced fluctuations when tracked for the same time
intervals as in the passive case (6, (£) > 6,P*). Unlike passive
vesicles, which remained fluctuating for longer times, active vesi-
cles lose optical contrast and become unstable.

The statistical characterization of the membrane fluctuations was
performed using the ensemble-averaged probability density func-
tion (PDF) (Supporting Information), which was calculated over all
of the points in the contour profile and over a statistically signifi-
cant population of single vesicles (n > 20). For passive F1Fy-GUVs,
the ensemble-averaged PDF is found to be nearly Gaussian (with a
narrow and nearly symmetric quadratic signature in the logarithmic
plot, Fig. S84) as expected for thermal fluctuations. The membrane
fluctuations were characterized by an RMSD value, 6y = 16.3 +
0.3 nm, which remains unchanged over time. However, active F,Fy-
GUVs exhibited enhanced fluctuations, and the PDFs were found
to progressively broaden over time (Fig. S8B). In this case, we
found that the SD values shifted to higher values with increas-
ing times: oy + 4 = 25.6 + 0.1 nm, oy + s = 32.1 + 0.3 nm, and
out + 12 = 32.7 £ 0.3 nm. Regarding the higher PDF moments,
they remained essentially compatible with the Gaussian char-
acteristics in both cases (the third moment, or skewness, S = 0,
and the fourth one, or kurtosis, K = 3; Fig. S8, Insets).

Further, we explored the presence of locally non-Gaussian
distributions (Fig. 3) at the specific membrane sites with mag-
nified levels of membrane fluctuations, or hot spots (Fig. 24).
For the passive case, F1F;-GUVs were systematically charac-
terized by almost normal Gaussian distributions along the
membrane contour (Fig. 3 A and B), in agreement with the
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intrinsically symmetric nature of the thermal fluctuations. How-
ever, under active conditions, a non-Gaussian distribution of the
membrane displacements is observed for different hot spots,
which are generally right-skewed (S > 0) and leptokurtic (K > 3),
as revealed by the longer tails than expected for the normal
distribution (Fig. 3 C and D, respectively). The positive skew is
compatible with a vectorized protein pumping toward the outer
side of the membrane. As a representative example of this
asymmetric behavior, we zoom on the mechanical hot spot 1 (S =
1.2, and K = 5.8) and hot spot 3 (S = 0.5, and K = 4), whereas the
fluctuations in the low-activity sites (spots 2 and 4) distribute
almost Gaussian (S =~ 0; K ~ 3). Because the majority of the
membrane contour points display a Gaussian behavior, they
mask the non-Gaussian signature of the hot spots when ensemble-
averaged by the rest of the thermalized contour membrane points
(Fig. S8B). Note that, according to the measured ny, the protein
area fraction is 0.15 to 1.5%, so that the number of active hot spots
per contour GUV should be 3 to 30, in agreement with our
observations.

Membrane Mechanical Properties. The experimental fluctuation
spectra were obtained at different time intervals for both active
and passive cases (Fig. 44). Regarding ¢ scaling, an evident
difference is observed between passive and active cases.
Helfrich-like scaling is observed for the passive vesicles (Fig. 44,
Top Right), which is characterlzed by a regular crossover between
tension- domlnated (P~ q~" at low q) down to a bending regime
(P ~ ¢~ at high q) (Eq. 1) However, the spectral amplitudes of
the active vesicles are characterized by a low-g pseudoplateau
(P ~ q°), which is characteristic of the tension-dominated regime
of the active spectrum (see Eq. 2 for A4 > 0 at oo > keq?). A
decrease in the bending energy is pointed out as a progressive
increase of the fluctuation amplitudes at low wave vectors, where
the fluctuation modes are mainly driven by an active force
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Fig. 3. Mechanical hot-spots of D-F;Fo-GUVs. (A) Fluctuation map of passive
D-F1Fo-GUV from B (t = Ht + 12 min). Points indicate the membrane positions
where the PDF is calculated in B. (B) PDF at different points highlighted in A.
Dashed line represents the ensemble-averaged PDF as calculated for all
contour points of the vesicle. (C) Active D-F;Fy-GUV from A (t = Ht + 12 min).
Points indicate membrane positions where the PDF is calculated in D. (D) PDF
at different points highlighted in C. Dashed line represents the ensemble-
averaged PDF as calculated for all points of the vesicle. PDFs from points
1 and 3 deviate from Gaussianity. Note that B and D have different scales to
highlight the probable out-of-equilibrium signature of hot spots.
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Fig. 4. Fluctuation spectrum and mechanical properties. (A) Experimental

fluctuation spectra obtained for a typical active D-F1Fo-GUV at different time
intervals after valinomycin incubation. Solid lines represent the best fit to Eq. 2.
The dashed line represents the fit to Eq. 1 for the passive case (t = Ht) as shown
in Top Right. (Top Right) Experimental fluctuation spectra obtained for a typical
passive D-F1Fo-GUV at different time intervals. Solid lines represent the best fit
to Eq. 1. (Bottom Right) Variation of the effective surface tension ¢ at different
time intervals after valinomycin incubation. (B) Variation of the population-
averaged bending rigidity, , of active (red, n = 23) and passive (blue, n = 33)
D-F1Fo-GUVs measured at different time intervals. Bending rigidity is normal-
ized to the bending rigidity measured for pure lipid EcGUVs, kre. The dashed
region represents the dispersity on the lipid bending modulus, xye. (C) (Left)
Variation of the effective activity, A, of active (red, n = 23) D-F{F-GUVs at
different time intervals. (Right) Variation of the coupling parameter (5) at
different time intervals after valinomycin incubation.

exceeding the thermal energy and mainly restored by surface
tension (Fig. 44, Left). By contrast, only the thermal contribution
is observed in this region of the fluctuation spectra under non-
active conditions (Fig. 44, Top Right).

The effective values of the mechanical parameters can be
obtained by fitting the experimental equatorial spectra to Egs. 1
and 2. The progressive membrane softening observed under ATP
synthesis was quantified as a decrease of the effective bending
modulus due to protein activity (Eq. 4). The elastic parameters for
active and passive F1Fp-GUVs and EcGUVs are shown in Fig. 4B.
EcGUVs represented the basal level of membrane fluctuation that
corresponds to the rigidity of the bare lipid membrane with a
statistically averaged bending modulus of «ps = (13 + 2) kgT. The
incorporation of proteins at low density (up to 1.5% in our case)
into lipid membranes is not expected to produce significant com-
positional impact on the membrane rigidities (30); thus the mea-
sured value of bending stiffness in F1F,-GUVs was similar to that
in EcGUVs and remained unchanged over time (Fig. 4B). Re-
markably, on FF; activation, the value of bending rigidity signif-
icantly decreased by a quarter of the initial value compatible with
the passive case. This mechanical softening can be understood as a
dynamical effect that connects the F;F, activity with the overall
membrane softening. With respect to surface tension, no signifi-
cant changes of the averaged population values were detected
during protein activity. The high variability of this mechanical
parameter among different vesicle specimens is due to the broadly
variable excess area that is created in every single vesicle using
electroformation (25) (see Supporting Information for a detailed
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explanation). However, a systematic decrease of the effective value
is observed for individual specimens undergoing nonequilibrium
fluctuations (Fig. 44, Bottom Right), in agreement with similar
active systems with protein pumps (15, 31).

The quantitative spectral analysis in terms of active vesicle
theory allows for a discrimination of a nonequilibrium fluctuation
regime. Particularly, the amplitude of the active component 4 was
evaluated (Fig. 4C, Left). On average, we measured initial values
of A ~ 400 kgT that decrcased over time to values close to
150 kgT. The global decrease observed in the active term, which is
concomitant with a monotonical decrease in the bending modulus,
reflects the nontrivial dependence of the effective amplitude A on
activity. In effect, 4 is proportional to the force, F, exerted by the
active proteins according to Eq. 3, but also decreases with the
strength of the coupling term E, which might depend itself on
the pumping activity. From Eq. 4, higher values of = are obtained
under continuous fluctuation enhancement (Fig. 4C, Right). Thus,
the observed decrease of 4 over time indicates the progressive
dominance of the coupling term, whereas F, remains essentially
constant. From the fits, the value of Fy) can be deduced, which is of
the order of Fy = 107 to 1072° J m (taking our experimental
value for ny = 10"* m=2 and 10" m™2, respectively). This estima-
tion for F,Fy-ATPase seems higher than previous values obtained
from micropipette and shape fluctuation experiments with GUVs
containing the pumping membrane protein bacteriorhodopsin (13,
31). However, once the protein densities are considered, similar
values of 4 are obtained for the two proteins. This energy can be
related to the energy barrier that the pumping proteins must
overcome during the proton transfer process. Whereas this barrier
is of the order of 10 kcal/mol for bacteriorhodopsin (32), the
torque required for a full rotation of the ATPase motor corre-
sponds to a free energy barrier of 14 kcal/mol, which is supplied by
the proton gradient (Discussion). Finally, note that the increasing
of the coupling constant = can be interpreted in terms of localized
protein activity, which may eventually reach the onset of instability
predicted in ref. 24, a fact compatible with the presence of lo-
calized nonequilibrium fluctuations at the hot spots where the
protein could be clustered.

Time Correlation Function and Relaxation Dynamics. Additional evi-
dence on the nonequilibrium character of the membrane fluctua-
tions during ATP synthesis arises from the analysis of the relaxation
dynamics of the membrane fluctuations that are obtained from the
height-to-height time ACF (Materials and Methods). Fig. 5 A and B
shows typical experimental ACFs calculated for the first equatorial
fluctuation modes for passive and active F;F,-GUVs, respectively.
In Fig. 5C, we show the relaxation rates obtained from the single-
exponential fittings for the passive case (Eq. 5 for <h§>act =0, when
A=0). The mechanical parameters were obtained by fitting the
experimental relaxation rates to Eq. 6 (see Supporting Information
for details). We obtained xpass = 14 + 3 kgT' (n = 10 vesicles), in
agreement with the values previously obtained from the time-
averaged fluctuation spectra (Fig. 4). However, ACFs from active
F,Fy-GUVs exhibited the two-exponential decay predicted by Eq. 5
from active vesicle theory (Fig. 5B), which describes two relaxation
modes. As in passive F1Fy-GUVs, the relaxation rate of the faster
mode showed the same power-law dependence as described by the
thermal mode (Fig. 5D). Note that, in the active theory, both the
surface tension and the bending modulus contain the active con-
tribution to the relaxation rates (13). From our experiments, an
effective value of the bending rigidity k. = 2 + 1 kT < Kpy, IS
obtained (n = 7 vesicles), whereas a systematic decrease of the
effective value of surface tension is detected in every single vesicle
after protein activation. This result is in quantitative agreement
with the effective decrease in the bending modulus and the tension
lowering observed from the fluctuation spectra in active FFy-
GUVs, as shown in Fig. 4. Furthermore, whereas the thermal
mode is found to be dispersive, the second relaxation mode
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Fig. 5. Time correlation function and relaxation dynamics. Experimental
ACFs of a D-F1Fo-GUV in the (A) passive and (B) active cases for azimuthal
wave vectors 2 < | < 10. Solid lines correspond to fits of the experimental
data to Eq. 5. Only the thermal contribution of Eq. 5 was necessary under
passive conditions, whereas the bimodal function of Eq. 5 was required for
active D-F1Fo-GUVs. Relaxation rates of a D-F;Fo-GUV in the (C) passive and
(D) active cases. Thermal frequencies, Iy, were fitted using Eq. S8 with n =
1 cP (solid lines). For comparison, dashed line in D corresponds to the
thermal rate shown in C. T, is the characteristic rate of the metabolic
active mode.

appears always with a nearly g-independent relaxation rate, which
suggests a metabolic origin that could be related to the charac-
teristic rate of the enzymatic activity of the protein (15). The re-
laxation dynamics of active F{Fy-GUVs was characterized by a
constant rate, at I, =20 + 5 87!

As a main outcome of our results, we have demonstrated the
functional reconstitution of F;Fy-ATPase in GUVs, and evidenced
that the ATP synthesis activity of the F;Fy-ATPase promotes en-
hanced nonequilibrium membrane fluctuations that modify the
mechanical properties of the embedding lipid bilayer.

Discussion

According to the conventional Helfrich theory (33, 34), the am-
plitudes of the thermal fluctuations become progressively smaller
at higher wave vectors. Thus, bending-mediated fluctuations pre-
vent large-amplitude deformations at the nanoscale if excited by
passive thermal agitation alone. However, cell membranes exhibit
a plethora of morphologies in the nanometric scale, including
highly curved membranes of some organelles, such as the Golgi,
the endoplasmic reticulum, and the inner mitochondrial mem-
brane. Cells take advantage of membrane-associated proteins to
promote and stabilize these local membrane deformations either
by scaffolding (35, 36) or by wedging (37, 38) mechanisms.
Bending-effector proteins stress membrane distortion that affects
the mechanical behavior of the hosting bilayer. Protein activity can
contribute to decrease the bending energy of lipid bilayers, as al-
ready detected in giant vesicles containing bacteriorhodopsin (13,
31), Ca** ATPase (14), Na* ATPase (15), or K* ATPase (37). Our
observational results with active vesicles containing F;Fy-ATPase
reveal enhanced fluctuations at localized hot spots in the vesicle
membrane that translate into a global lowering in surface tension,
which is predominant over long distances, and a decrease in the
bending modulus of the membrane at high wave vectors. As F;Fy-
ATPase is not only a proton pump but also a rotating motor through
the membrane-spanning component, F, two possible effecting
modes can be attributed to F;Fy-ATPase to explain the enhanced
membrane fluctuations: a transverse mode connected with the
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proton-pumping activity of the enzyme, and an in-plane rotating
mode connected to the directional torque of the protein rotor.

Pumping. The coupling mechanism existing between transverse
flow of protons across the membrane and the lateral stresses ex-
plains the observed lowering in surface tension, as shown for the
case of the proton-pumping activity of bacteriorhodopsin (31).
Likewise, the coupling between the protein density and the
bending elasticity of the membrane can be invoked to explain the
observed membrane softening (24). Indeed the nonequilibrium
fluctuations found at hot spots are compatible with a pumping-
driven undulation of the membrane due to the action of clustered
proteins (24). In structural terms, the ability of conic-like ATP
synthase dimers to partition into highly curved membranes has
been also proposed to induce membrane curved shapes char-
acterized by a wedge angle within the range of 55° and 120° (18,
19). This wedged configuration gives structural support to a
positive spontaneous curvature (Co > 0) and thus to a localized
membrane softening [k.g = k (1-CoR)? < k] (39). Furthermore,
above a given concentration threshold for protein clustermg,
the dynamic coupling between protein and curvature can elicit
a membrane instability through localized high-amplitude fluc-
tuations (24), as observed at long times in our experimental
realization.

Rotation. The pumping-driven clustering of F,F;-ATPases might
possibly involve a facilitated protein diffusion of rotating mo-
tors through a long-range hydrodynamic interaction mediated
by the viscoelastic substrate (40). Indeed, active rotation in a
dense medium gives rise to effective interactions between ro-
tors that promote clustering, phase separation, spatial ordering,
and synchronization (41-45). These effects remain experimentally
unexplored in the case of F{Fy-ATPase, but the localized non-
equilibrium membrane fluctuations we report here can be
explained as a consequence of the collective behavior of simulta-
neous pumping protein clusters mediated by molecular rotation.
To identify the characteristic rotation time for an individual rotor,
the generated torque by FO -ring rotation can be estimated as T =
& X o = 67uR* w; where ¢ is the drag force of a disk embedded in
2D medium, w is the angular velocity, u is the surface membrane
viscosity, and R is the radlus of the Fy ring. Taking previously
reported values for 4 = 10> N'sm™" (46), R = 5 nm (47), and the
experimentally measured characteristic rate @ =T, =20 £ 55,
we obtain a frictional torque of about 100 + 25 pN nm. This value
is similar to that reported previously for E. coli FiF,-ATPase (6,
48, 49) and corresponds to the metabolic energy put into play in a
rotating cycle of the F;F,-ATPase to hydrolyze/synthetize three
molecules of ATP. The agreement of these estimations with bio-
chemical information suggests that the time correlation of the
active component actually corresponds to the rotational move-
ments of the Fy ring during ATP synthesis. Therefore, we identify
dynamical correlations at a mesoscopic scale, which may corre-
spond to the Fy-ring rotation time in lipid membranes and in the
absence of any probe that may eventually drag its rotatory motion.
Furthermore, the correlation decay time of the active compo-
nent, I',., might be predicted from an alternative bending energy
formulation. The rotational movements of the F, ring during ATP
synthesis could be transmitted to the lipid membrane environment
by a torsional—curvature coupling mechanism, as lipid reorgani-
zation can take place at the vicinity of rotating proteins (50). In a
simple dynamical modeling, a metabolic rotator is coupled with
the bending mode of the membrane, causing an additional sus-
ceptibility, y,e ~ (T/Vo)V ’h, where T is the torque power stroke of
the rotor and V), is the molecular volume where rotation takes
place. Thus, whereas the thermal mode relaxation depends on the
bulk viscosity, the active mode due to metabolic activity of the
rotator might relax through the shear viscosity of the embed-
ding membrane, with the hydrodynamic compliance Amemp = 4ug°
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. Consequently, the active mode is expected to relax at a g-in-
dependent constant rate I'ye; ® Yac/Amemd = T/(pAp) = 10 s~tin
agreement with our experimental observations (here, 4y = Vy/h is
the molecular area of the rotor).

In summary, we present experimental evidence that the cou-
pled pumping and rotation activities of F;Fy-ATPase promote
localized nonequilibrium membrane fluctuations where the ac-
tive proteins might be clustered. The activity of F,F,-ATPase
favors the decrease in the bending stiffness of the membrane and
the concomitant lowering of its surface tension. Our results point
out the existence of a functional connection between microscopic
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protein activity, supramolecular organization, and macroscopic
mechanics, which could be not only operating as a protein activity
modulator or as an effector of membrane remodeling in vivo
but also exploited in synthetic realizations containing F;Fy-
ATPase within viscoelastic media.
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