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Rotation of the c-Ring Promotes the Curvature Sorting of

Monomeric ATP Synthases

David Valdivieso Gonzdlez, Marcin Makowski, M. Pilar Lillo, Francisco J. Cao-Garcia,
Manuel N. Melo, Victor G. Almendro-Vedia,* and Ivdn Lépez-Montero*

ATP synthases are proteins that catalyse the formation of ATP through the
rotatory movement of their membrane-spanning subunit. In mitochondria,
ATP synthases are found to arrange as dimers at the high-curved edges of
cristae. Here, a direct link is explored between the rotatory movement of ATP
synthases and their preference for curved membranes. An active curvature
sorting of ATP synthases in lipid nanotubes pulled from giant vesicles is
found. Coarse-grained simulations confirm the curvature-seeking behaviour of
rotating ATP synthases, promoting reversible and frequent protein-protein
contacts. The formation of transient protein dimers relies on the
membrane-mediated attractive interaction of the order of 1.5 k; T produced by
a hydrophobic mismatch upon protein rotation. Transient dimers are
sustained by a conic-like arrangement characterized by a wedge angle of 6 ~
50°, producing a dynamic coupling between protein shape and membrane

head F,, and the membrane domain
F..2l The F, domain contains an homo-
oligomeric c¢-ring, which displays a rotatory
movement generally triggered by a proton
(ApH) or a electrochemical (AY) gradient
across the membrane and transmitted to
the catalytic part of F,; through a central
stalk.l}] The spinning movement of the cen-
tral stalk produces conformational changes
in the F, head leading to the synthesis of
ATP from adenosin diphosphate (ADP) and
inorganic phosphate (P,).[*] Remarkably, an
excess in the ratio of ATP/ADP produces a
reverse movement of the c-ring and protons
are shuttled in the opposite direction. In ad-
dition to the central stalk, the catalytic head

curvature. The results suggest a new role of the rotational movement of ATP
synthases for their dynamic self-assembly in biological membranes.

1. Introduction

F,F,-ATP synthase (ATP synthase) is an essential transmem-
brane protein that synthesizes the biochemical energy of the
cell, i.e., adenosine triphosphate (ATP).I!! Structurally highly con-
served among different organisms, the ATP synthase protein is
composed of two multi-subunit complexes: the soluble catalytic

of F, is linked to the F, domain through a
peripheral stalk, thus preventing the rota-
tion of the whole assembly. The rotor rings
of ATP synthases have circular symmetry
and contain 8 to 15 subunits depending on
the organism.’] However, the major structural difference be-
tween eukaryotic and prokaryotic ATP synthases is the presence
of additional subunits found at the vicinity of the peripheral
stalk. Some of these subunits are involved in the ATP synthase
dimer formation.[%! Thus, the mitochondrial ATP synthase form
dimers in the membrane,/”#] whereas the prokaryotic counter-
part is thought to occur exclusively as a monomer (Figure 1A).
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Figure 1. A) Structure of ATP synthase from Escherichia coli (left) and Bos taurus (right). The bacterial protein is monomeric, whereas the bovine coun-
terpart forms dimers sustained by the additional subunits e (yellow), f (orange), g (red) andj (brown). ¢ is the wedge angle between monmomers that
might induce the local bending of the membrane (dashed lines). B) Confocal micrograph of a tube pulled from a GUV containing reconstituted ATP
synthases. The membrane (green channel) was labelled with the fluorescent lipid DOPE Atto-488, whereas the protein was labelled with Alexa 555.
A first micropipette holds a biotinylated silica beads and pulls a membrane tube from a GUV, which is seized by a second micropipette. The relative
concentrations of lipid and protein in the tube and in the GUV are measured by confocal fluorescence microscopy (see Methods). C) Confocal images of
different tubes pulled from pure lipid GUVs (row 1) and proteoGUVs containing ATP synthase in passive conditions (row 2), upon incubation with ATP
(row 3) or in the presence of both ATP and the rotation inhibitor DCCD (row 4). Fluorescence intensiy of lipid and protein channles are normalized to
the lipid value. Scale bar is 5 um. D) Box plots comparing the sorting ratio for tubes pulled from GUVs (r, = 50 + 20 nm) containing the red fluorescent
lipid Rhodamine PE (Lipid), ATP synthase (ATPsyn), ATPsyn with ATP, ATPsyn in the synthesis mode, ATPsyn with ATP and DCCD, ATPsyn with ATP and
FCCP and ATPsyn with DCCD and FCCP. The median is represented with a line; the box represents the 25th to 75th percentiles; and error bars show the
5th—95th percentile. The average sorting ratios (cercles) for the lipid control, ATPsyn, ATPsyn with ATP and DCCD and ATPsyn with DCCD and FCCP are
similar (S = 1.1), whereas ATPsyn in rotating conditions is enriched in the tubes (S > 2). Statistical significance: *** (p < 0.001); **** (p < 0.0001).

A remarkable consequence of ATP synthase dimerization is
the ability of protein dimers to accumulate into highly curved
membranes,®! which is necessary for the promotion and main-
tenance of the high-curvature edges of the mitochondrial in-
ner membrane; ie., cristae'% The conic-like arrangement of
dimers is characterized by a wedge angle that varies from ¢
~ 55° to 120°, which might induce the local bending of the
membrane,”8 (Figure 1A). Moreover, the deletion of the spe-
cific subunits leading to mitochondrial ATP synthase dimeriza-
tion alters the cristae structure to a balloon-like shape.®! In-
terestingly, the cross-linking of ATP synthase dimers prevents
the formation of mitochondrial cristae in vivo,l'!l suggesting
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that additional factors to protein dimerization might be neces-
sary for curvature generation and cristae formation. Recently,
we have proposed the ATP synthase activity as a complemen-
tary mechanism for membrane remodelling based on the ro-
tatory movement of the protein.l'?l However, the experimental
demonstration for an active protein sorting into curved mem-
branes is still lacking. In the present work we provide evidence
for a rotary-mediated curvature sorting of monomeric ATP syn-
thases. By combining vesicle pulling experiments with molecu-
lar dynamics simulations, we gathered data that enabled the de-
termination of the intermolecular interactions involved in this
process.
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2. Results

2.1. ATP Synthase Sorting in Giant Vesicle Tethers

We first investigated the protein sorting of fluorescently labelled
ATP synthases into lipid nanotubes pulled from giant unilamel-
lar vesicles (GUVs) made of 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC). Tether pulling experiments are widely
used for studying the curvature sorting and curvature sensing
of lipids and proteins,['*!*] as a function of the lipid composi-
tion, protein density or tube diameter. In a typical experiment
for curvature sorting of membrane proteins, a biotinylated silica
bead and a GUYV, containing the fluorescent membrane protein,
a membrane lipid dye and biotinylated lipids, are held by two mi-
cropipettes under a confocal microscope (Figure 1B). Then the
bead is brought into contact with the proteo-GUV membrane and
streptavidin-biotin bonds form, leading to a strong adhesion be-
tween the membrane and the bead. Upon separation of the bead,
a tube is pulled from the membrane as previously described.!*>]
The relative density of the protein in the tube and in the proteo-
GUYV, i.e., the protein sorting S, can be obtained through the
equation!3l:

I

PCF, x -
1 ot
If}ZJV _ ¢mbe

S =

; ¢ (1)
PCF, x = cuv

Iprot

where e and I

GUV
rescent protein in the tube and the GUV respectively and Iifbg and
IlGipUV are the fluorescence intensities of the lipid dye in the tube
and the GUV respectively (Figure 1C). PCF, is a correction factor
for the effects of the light polarization on probe i. To demonstrate
the active contribution of ATP synthase as a spontaneous curva-
ture generator we used monomeric ATP synthases purified from
Escherichia coli (E.coli). This allowed us to discard any biochem-
ical specific interaction between ATP synthase subunits leading
to protein dimerization (i.e., spontaneous curvature generation)
and subsequent partition into curved membranes in the absence
of protein rotation.

We obtained lipid tubes ranging from 13 to 135 nm in radius
after pulling out and in several times the biofunctionalized bead
previously brought into contact with the GUV (see Methods).
For tubes with radius, r, = 50 + 20 nm; the intensity profile ratio
of the protein channel (orange) and the lipid channel (green)
were similar in the absence of ATP, S,rp, = 1.1+£0.2 (N =4)
(Figure 1D). The monomeric ATP synthase was not sorted
into highly curved bilayers or in other words, the membrane
composition of the tube and the GUV is the same. When
incubated with ATP, i.e., under rotating conditions, the fluo-
rescence ratio of the protein increases, whereas the normalized
intensity of the lipid remains unaltered, yielding a sorting ratio

of Si*=22+06 (N=8) (Figure 1D). Although modest
(2-fold), the sorting value significantly larger than unity proved
the enrichment of ATP synthases in the lipid tubes. Interestingly,
a sorting ratio of S%ﬁﬁs =22+ 0.5(N = 8) was also obtained
in the synthesis mode, where ATP synthase was activated upon
incubation with the selective K* ionophore valinomycin in the

are the fluorescence intensities of the fluo-
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presence of a KCl concentration gradient across the membrane of
proteoGUVs (higher outside).['®! To allocate the action of protein
rotation to the observed increased sorting, we performed a con-
trol experiment incubating simultaneously with ATP and N,N’-
dicyclohexylcarbodiimide (DCCD, 1 mM final concentration).
DCCD is a classical inhibitor of the ATP synthase, which binds
covalently to the c-ring in F, and thereby blocks its rotation.!”]
At this high concentration, DCCD might also inhibit F,['#19]
through its binding to the pGlul92. However, the inhibitory
effect on F, by DCCD requires a Mg?*-free buffer,[?! but this
cation is present in the sorting buffers (see Figure S1, Supporting
Information, for details). Under exclusive F, inhibitory condi-
tions, the sorting parameter was similar to that measured in the

absence of ATP, SZ?;;’?”HDCCD 1.0 + 0.2 (N = 8) (Figure 1D).

The emergence of a curvature sorting might be supported
by the proton pump activity of ATP synthase through the
membrane-spanning component. A localized pH gradient would
be the driving force for a preferred spontaneous curvature across
the membranel?!) through a change in the lipid packing on one
side of the membrane.??] The driving force for the seeking cur-
vature behaviour of ATP synthases might be also maintained
by a diffusive flux of protons along the membranel?’! as sug-
gested previously.?*] To assess the proton gradient across and
along the membrane as an important mechanism for the ob-
served protein sorting, additional experiments were performed
where the filaments were pulled under the action of the widely
used protonophore FCCP. We first considered the scenario where
the ATP synthase would still rotate in the presence of ATP, but
without establishing a proton gradient across the membrane due
to the dissipative action of FCCP. Remarkably, the direct effect
of rotation on the ATP synthase sorting in lipid nanotubes was

paREHCC = 2.0 £05 (N = 6).
Then, we also evaluated the curvature sorting of ATP synthase
in the presence of a pH gradient across the lipid bilayer (basic
inside) promoted by the incubation of FCCP under non-active
conditions. Due to the dissimilar volume enclosed by the tube as
compared to the volume of the GUV, proton translocation across
the membrane through FCCP might create an additional proton
gradient along the plane of the membrane (acid in the tube). To
prevent the rotation of the proteins and uncouple both contri-
butions, the system was also incubated with DCCD and the ro-
tation of the c-ring was inhibited accordingly. Again, the sorting
parameter was close to one under these conditions, SyZi+P¢P =
1.2+ 0.1 (N = 4) (Figure 1D), so our results suggest there is no
direct correlation between protein sorting and a proton gradient
across and along the membrane.

An additional evaluation of the direct effect of proton pump-
ing on the protein sorting in lipid nanotubes (uncoupled
with rotatory movement) was experimentally addressed using
GUVs containing Bacteriorhodopsin (BR) from Halobacterium
salinarum. BR is a light-driven proton pump that produces a
trans-membrane stable electrochemical gradient of protons.
The pH gradient-dependent sorting of BR was evaluated after
illuminating the sample in the presence of valinomycin and
a trans-membrane [K*] gradient (higher outside) to overcome
the retroinhibitory effect of the electrochemical gradient by the
proton pumping activity of BR.[2] Under those conditions, the

sorting parameter of BR was S =1.1+0.2 (N = 6), which

confirmed by a sorting ratio of S
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Figure 2. MD simulations reveal the generation of out of equilibrium bilayer fluctuations and curvature preference of rotating transmembrane F, do-
mains. A) Top: overview of the structure of the F, transmembrane domain of the ATP synthase and its subunits; Bottom: Snapshots of the simulated
system at its initial configuration. The choline headgroups of the POPC are coloured in orange, the acyl chains are coloured in light grey, and F trans-
membrane domains in yellow. Solvent molecules have been removed from the visualization for clarity. B) Representative snapshots of the bilayer with
passive (control) and active (rotating) F, domains. The collective rotation induces bilayer fluctuations, which are negligible in the control. C) Probability
distribution of the spreads between the lipid phosphate z-coordinate maxima and minima, indicating that the rotating protein has a stronger tendency
to generate bilayer fluctuations. D) Local curvature of the bilayer regions in the vicinity of the F, domain versus the regions devoid of protein, indicating
a strong tendency of the protein to position in regions with positive curvature. The bars represent a 95% confidence interval, obtained from bootstrap

resampling with subsampling to account for time-series autocorrelation.

is similar to the sorting parameter obtained without illumi-
nating the sample, $%% =1.1+0.2 (N =7). This experiment
confirms that a proton gradient across the membrane does not
promote the protein sorting into curved filaments (see Figure S2,
Supporting Information, for details).

Finally, we measured also an even distribution of the fluores-
cent lipid RhPE with §; = 1.0+ 0.1 (N = 5) (Figure 1D). Lipids
prone to form planar bilayers, i.e., with vanishing spontaneous
curvature, or far from a demixing point are not affected by mem-
brane curvature,['>2¢! Overall, we measured an enrichment of
ATP synthase in curved membranes only under rotating condi-
tions. To our knowledge, we detected for the first time an active
protein sorting in nanometric lipid tubes.

2.2. Molecular Modelling of Rotation-Induced ATP Synthase
Sorting
To get deeper insight into the mechanism behind the active cur-

vature sorting of ATP synthases in lipid tubes, we ran coarse-
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grained (CG) molecular dynamics simulations employing the
state-of-the-art Martini 3 model.[””) For simplicity, and because
we focused on events at the membrane level, only the c-ring and
the transmembrane segment of the F peripheral stalk (a and b
subunits) were simulated (Figure 2A). As in case of experiments,
the structure of the E. coli ATP synthase was used and proteins
were embedded in a POPC membrane. To keep a similar lipid-
to-protein ratio used in experiments (L/P ~ 5 x 10°)'] we sim-
ulated a system composed of 4 proteins in a ~ 52 X 13 nm?
sized lipid bilayer, containing ~ 2000 POPC lipids (Figure 2A).
A torque was then applied on the c-ring of the rotors relative to
their peripheral stalk, to mimic the rotation caused by ATP hy-
drolysis. We employed a torque of enough magnitude that rota-
tion could be observed in the microsecond timescale accessible
to the CG simulations.[?®) This resulted in average rotational ve-
locities of w¢ & 470 kHz, which is three orders of magnitude
times higher than the time-averaged rotational rates measured
for 40-nm beads attached to the F,-domain through the y subunit
(@, ~ 200 Hz).?”l While such a difference in rotational velocity
may impact the representativity of the CG simulations, we note

2301606 (4 0f12) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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that rotation still proceeds step-wise, with room to thermally wig-
gle, often with several nanosecond intervals between steps (see
Figure S3, Supporting Information, and compare with the be-
haviour at lower and higher torques, where either no rotation is
seen, or is seen in a different dynamic regime). This indicates that
the progression still displays thermal dependence, as is expected
for the real system. Additionally, we also ran simulations in the
ATP synthesis mode by applying an opposite torque to mimic
the rotation caused by proton translocation. Control simulations
were run in the absence of applied torque.

Strikingly, rotation of c¢-rings quickly promoted membrane
buckling with high amplitudes (Figure 2B; Movies S1 and S2,
Supporting Information). Non-equilibrium membrane fluc-
tuations have been observed experimentally in proteo-GUVs
containing the ATP synthase in active conditions.!'®! By contrast,
control simulations where no torque was applied displayed
only transient, low-amplitude thermal undulations (Figure 2B;
Movie S3, Supporting Information); thermal undulations, which
occur in simulated and real membranes alike, are the result of
stochastic, off-plane lipid movement occurring preferentially
along the membrane’s bending modes.3%! The statistical charac-
terization of the membrane fluctuations was performed by build-
ing the probability distribution of the maximum peak-to-peak
undulation amplitude in the z-direction (Figure 2C), calculated
from the coordinates of the POPC phosphates throughout the
trajectory and over the 4 independent runs for each condition
(see Supporting Information for details). In the absence of ro-
tation and as expected for thermal undulations (Figure 2B, top),
membrane fluctuations displayed a distribution with mean value
(h)y = 6.9 nm and standard deviation SD = 0.65 nm. In con-
trast, when applying a torque in the hydrolysis mode, the peak-
to-peak distribution shifted to higher amplitudes (11 nm, SD =
0.6 nm) than the control case. Interestingly, the torque applied
in the synthesis mode splits the peak-to-peak distribution into 2
maxima (at ~ 8 nm and 11 nm). In both synthesis and hydrolysis
operating modes, the shifted distributions are consistent with the
larger fluctuations explored by the system. The split distribution
reflects the occurrence of membrane buckling of either a single-
mode of larger amplitude (Figure 2B, bottom), or of two modes of
lower amplitude (Figure 2B, middle). A closer assessment of the
CG simulations, compared to the non-rotating controls, showed
that rotation produced a small tilt of the c-ring up relative to the a
and b subunits (Figure S4, Supporting Information). We then ex-
plored whether the ATP synthase restrained to the average tilted
position but in the absence of rotation induces membrane fluctu-
ations. However, as can be seen in the peak-to-peak distance dis-
tributions (Figure 2C), enforcing tilt without enforcing rotation
results in essentially the same behavior as for the control sim-
ulations. We could thus discard the internal tilting effect on its
own as an alternative mechanism for the enhanced fluctuations.

Further, we detected the presence of protein-enriched regions
at specific membrane sites with higher curvature under rotat-
ing conditions (Figure 2B; Movies S1 and S2, Supporting Infor-
mation). To quantitatively characterize the curvature sorting of
F, proteins, we monitored the average curvature of membrane
patches in the vicinity and in the absence of proteins (Figure 2D).
Under torque, proteins exhibited a preference for positive mem-
brane curvatures (positive curvature is defined here so that the F,
domain would point up), whereas membrane regions devoid of
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proteins tended to have negative curvatures. The corresponding
mean radii of positive curvature in the proximity of the rotating
proteins were ~ 57 and ~ 73 nm in the synthesis and hydroly-
sis mode, respectively. These values agree with the experimental
range of curvature explored in tube pulling experiments, where
the sorting ratio was measured for tubes with a radius of 50 +
20 nm (Figure 1D). A similar trend was found for the passive pro-
teins but the explored curvatures were significantly smaller and
with values close to zero. This is consistent with the enhanced
membrane fluctuations promoted by protein rotation (Figure 2B;
Movies S1 and S2, Supporting Information), where larger ampli-
tudes produce intrinsically higher curvatures at a constant mem-
brane area.

2.3. Rotation-Induced Protein-Protein Interaction

A remarkable consequence for the active enrichment of F, do-
mains in curved regions was the apparent clustering of proteins
compared to the controls (Movies S1-S3, Supporting Informa-
tion). We measured the spatial clustering of F, domains at two
levels: i) the loosely bound case, where proteins were counted as
aggregated if at an inter-protein distance below 2 nm, and ii) the
close contact case, considering configurations with inter-protein
distances below 0.7 nm (where contacts occur without interven-
ing lipid molecules). We found the formation of loosely bound
aggregates to be increased in the active case (Figure S5, Support-
ing Information), with interactions involving not only proteins
that start as first neighbours, but also non-consecutive proteins.
In non-rotating conditions, such F _-F  clustering occurred less
frequently, and only involving proteins that already started off
as neighbours (Figure 3A; Figure S5, Supporting Information).
In the absence of rotational movement, close F -F  contacts (at
distances below 0.7 nm) were characterized by a time-weighted
average lifetime closer to 2 ps (Figure 3B; Figure S5, Support-
ing Information). In contrast, proteins in the hydrolysis mode
tended to remain in one another’s vicinity for longer, with sig-
nificantly higher lifetimes close to 6 us. Conversely, close protein
contacts were inhibited in the synthesis mode; contact lifetime
distribution was polydisperse, mainly containing sub-us contact
times, but longer contacts were also measured, yielding a time-
weighted average lifetime of 1 ps (Figure 3B; Figure S5, Support-
ing Information). Whereas the synthesis rotation of the c-ring fa-
vors the neighboring between F_ proteins, the hydrolysis mode
promotes F, sorting into common membrane regions, but dis-
courages their close contact. In this case, the slow diffusion of
ATP synthase resulting from Brownian motion occurs over time
scales possibly incompatible with the quick, reversible contacts
observed for the synthesis mode. Active membrane undulations
may be promoting a diffusional acceleration, acting simultane-
ously as a driver of protein clustering and as the disrupting force
of close F-F, contacts.

To further characterize the self-association of F_ proteins un-
der rotating conditions we determined the effective interaction
potential from the probability distribution of relative distances
between pairwise proteins (see Methods). The obtained re-
sults demonstrate that the two rotating proteins are clustered
together by a weak, short-range and membrane-mediated po-
tential (Figure 3C). The rotating F_-F  interaction, unlike the

2301606 (5 0f12) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Rotating and passive F, domains generate distinct profiles of lipid packing and have different tendencies to cluster. A) Frequency of spatial
clustering of F, domains (within a 2 nm threshold distance of one another). Error bars represent the 95% confidence interval, estimated using a bootstrap;
mean comparison (p-value < 0.01) was done with a t-test over sub-averages of blocks longer than the autocorrelation time. B) Self-weighted lifetimes
of close contacts (within 0.7 nm of one another) between pairs of F, domains (i.e., average of the lifetime of each F,—F close contact event, weighted
by each event’s lifetime). Error bars represent the 95% confidence interval, estimated using a bootstrap method over the weighted lifetimes. Mean
comparison (p-value < 0.01) was done with an independent Welsh t-test with Satterthwaite degrees of freedom. C) Protein-protein interaction potential
as a function of the distance between two monomeric ATP synthases. The effective interaction potential was calculated from the relative distances
between pairwise proteins (see Methods for details). D) Thickness of bilayers measured by the inter-leaflet distance between phosphate beads (P-P
distance) as a function of the distance to the centre of mass (COM) of F, domain. E) Area per acyl chain as a function of the distance from an active or
passive F, domain in the periplasmic (top) and cytoplasmic (bottom) monolayers. F) Tilt angle probability distribution of F proteins.

non-rotating case, has a free-energy minimum of ~ 1.5 k;T ata  perturbations in the lipid membrane caused by protein activity.
center-to-center distance of ~ 6 nm. This explains the tendency =~ Among those perturbations, hydrophobic mismatch between the
for the loosely bound configurations, since at this distance  protein and the bilayer thickness can result into attractive and
the protein association does not involve close contacts. This  short-range interaction between transmembrane proteins with a
distance also matches the range of inter-protein distances when  typical decay length of ~1 nm,?1:32] Attraction arises from the de-
enhanced fluctuations are visible (Figure 2B). At closer distances, ~ crease in the amount of deformed interface after protein clus-
the energy potential rises smoothly as proteins begin to repel  tering. To assess how rotation affects the hydrophobic mismatch
each other, likely due to the membrane bending. In contrast,  between c-rings and lipids, we measured the thickness profile of
non-rotating F, proteins display a non-interacting potential all  the bilayer as a function of the distance to the proteins as com-
over the relative distances. Thus, rotation promotes reversible F,  puted by the inter-leaflet distance between phosphate beads (P-P
dimers and enhances membrane fluctuations. distance) (Figure 3D). In the passive case, the inclusion of c-ring

causes a slight (~2 A) the thinning of the first layer of lipids (up to

1 nm). Then, the thickness of the lipid bilayer, d, then increases
2.4. Clustering and Curvature Sensing at farther distances from F_ proteins until it reaches typical val-

ues for POPC lipids, at d ~ 3.9 nm.[33] This small variation in the
At small length scales, where thermal fluctuations cannot be ne-  thickness at such a short distance is likely to have little or no effect
glected, membrane-mediated interactions originate from local  on protein aggregation,**l in agreement with the non-interacting
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Figure 4. A) Protein sorting as a function of the lipid tube curvature, ¢, for GUVs containing a red fluorescent lipid (control), ATP synthase (ATPsyn),
ATPsyn with ATP, ATPsyn in the synthesis mode, ATPsyn with ATP and DCCD, ATPsyn with ATP and FCCP and ATPsyn with DCCD and FCCP. Points
correspond to binned sorting values. Solid lines are guides to the eye. B) Graphical model for curvature sorting of rotating ATP synthases. Top: pro-
teins under passive conditions (no rotation) show no mismatch on lipid surroundings. Middle: upon rotation, ATP synthases promote a lipid-protein
mismatch, which produces a membrane-mediated attractive interaction between proteins. Bottom: at close contact, proteins arrange into a conic-like
conformation with a wedged angle, ¢ ~ 26, yielding their sorting into curved regions of the lipid membrane.

potential of non-rotating proteins (Figure 3C). Conversely, un-
der rotating conditions we found a systematic thinning of the
lipid bilayer up to ~7 nm away from the F proteins. For this
stronger membrane thinning (down to d = 3.2 nm), hydropho-
bic mismatch might sustain the attractive interaction between F_
proteins.

In the framework of linear elasticity, lipid bilayers can be sim-
ply modelled by two thin fluid layers where the bending stiff-
ness, k, the stretching modulus, K, the surface viscosity, #, and
the thickness of the bilayer, d, are highly correlated to the mean
molecular area of the constituent lipids.’>! In consequence, a
change in membrane curvature or hydrophobic mismatch can
be balanced by the chain packing energy and vice versa.*®! To get
deeper into the mechanism of the rotation-mediated hydropho-
bic mismatch we computed the area per acyl chain of POPC
lipids, a, as a function of the proximity distance from the F,
proteins both in the upper (periplasmic) and bottom (cytoplas-
mic) leaflets (Figure 3E). In all cases, the first layer lipids (up to
2 nm) presented larger areas per acyl chain, which smoothly de-
creased to constant values at farther distances from F_ proteins.
The larger areas of acyl chains at the close vicinity of the pro-
teins can be explained by a local perturbation of proteins within
the embedding membrane. However, we found a systematic ex-
pansion of the lipid chains (~ 1 %) under rotating conditions up
to & 6 nm away from the F_ proteins. Beyond this distance, the
rotational movement of the c-ring did not affect the lipid pack-
ing and the acyl per chain areas reached typical values for un-
saturated phosphoplipids, a ~ 33 nm?.[*’] As expanded monolay-
ers present lower membrane thickness and mechanical moduli
described by different scaling laws,[**] the local expansion pro-
duced by the rotation of the c-ring renders the membrane more
deformable, thus presenting thinner thickness and larger ampli-

Adv. Sci. 2023, 2301606

tude undulations, which are sustained by a lower effective bend-
ing modulus.[!°!

An apparent consequence of protein clustering and enhanced
fluctuations is the change in the orientation of F  proteins. A
tilt angle was defined as the angle between the simulation box’s
z-axis and the protein axis. Whereas the tilt angle of free pro-
teins was close to 0°, clustered proteins in curved regions dis-
played tilt angles »~ 20°-30° (Figure 3F). These tilts are a conse-
quence of the preference of the rotating F, dimers for curving
membrane regions, yet with individual monomers rarely locat-
ing at the crest of the undulations but mostly at their slopes (see
the examples in Figure 2D). Such configurations seem to be sta-
bilised by cluster formation. As we do not simulate the bulky
F, domain, it is likely that tilt angles might be even more pro-
nounced in in vitro experiments, leading to a conic-like arrange-
ment of transient dimers. As curvature protein sorting mainly
results from a direct coupling of the protein shape and the mem-
brane curvature, the measured curvature sorting of ATP syn-
thase upon ATP incubation (Figure 1D) might be then compat-
ible with the observed protein clustering produced under rotat-
ing conditions. To estimate the effective spontaneous curvature
of ATP synthase clusters leading to active curvature sorting, the
sorting parameter, S, was plotted as a function of the curvature
of the filament (Figure 4A). Note that an e-fold change in pro-
tein sorting depends both on the spontaneous curvature and

ks T

the protein area through c,,,,, = ~*—.**/ For POPC, the spon-
Pritp

taneous curvature is negligible, cpopc # 0 nm™', and S=1 in-
dependently of the curvature of the tube. The absence of sig-
nificant curvature sorting for passive ATP synthase at low cur-
vatures (c < 0.1nm™') relies on the quite cylindrical profile of
the protein-lipid interface. The wedge angle of ATP synthase
at the protein-lipid interface is @rp,, ~ 9° (Figure 1A). From
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the protein radius (Ryrp,, ~ 3nm), the spontaneous curvature
of ATP synthase is estimated through ¢, ~ %”/2), which pro-
»

vides c,rpy, & 0.03nm™". As a result, symmetric and large ATP
synthase (A rp,,, & 25.6 1m*; ¢,pp,, &~ 0.03 nm™") undergoes sig-

nificant sorting only at high curvatures (¢*"" """ > 0.1nm™,
shape

with kpope = 10k, T1*)), as experimentally observed. In contrast,
the higher effective spontaneous curvature of clustered ATP syn-
thase dimers might couple with thicker lipid tubes and ultimately
be responsible for the curvature sorting. Rotating ATP synthases
displayed an e-fold change in protein sorting at much lower cur-
vatures, cif;’ ~ 0.03nm™!, which leads to a spontaneous curva-

: cluster -1 : cluster ~,
ture of clustered proteins of ¢i7" ~ 0.07nm™ (with AYE ~

50nm?) and a wedge angle of ¢, = 20 ~ 60° (for Rifflﬁ‘;;n ~

(Ai;jﬁi;n)f ~ 71nm), as observed in CG simulations (Figure 3F).

In summary, both experiments and simulations picture an ac-
tive curvature sorting of rotating ATP synthases by disrupting
the lipid packing and thus causing both the membrane thinning
and softening of the annular lipids surrounding them.[*”! As a
result, rotation of the c-ring produces a weak, short-range and
membrane-mediated potential that promotes the formation of re-

versible and conic-like transient dimers (Figure 4B).

uster

3. Discussion

Our experiments demonstrate that the rotary movement of ¢-
ring promotes the active curvature sorting of monomeric ATP
synthases. Coarse-grained simulations provide the underlying
mechanism for curvature sorting, where rotation of the c-ring
causes a hydrophobic mismatch at the lipid-protein interface,
thus promoting protein-protein transient contacts through a
membrane-mediated attractive interaction. The transient ATP
synthase dimers display tilt angles of 20-30° that likely cause
their curvature sorting into lipid filaments.

To arrive at these conclusions we used simplified systems
where membranes were composed of a single lipid but many
factors might modulate this association process in a physio-
logical environment. Real biomembranes contain hundreds of
lipid species that might interfere with the protein-protein in-
teraction leading to curvature sorting. Also, phospholipids are
not evenly distributed across the lipid leaflets of membranes but
rather arranged asymmetrically.*!l Moreover, specific interac-
tions with particular lipids might change the lateral distribution
of the reconstituted proteins.[*?] Furthermore, cardiolipin shows
a strong interaction with ATP synthase,[***4! and prone to curva-
ture sensing.!?! To discard this enhancing effect, we used GUVs
composed of only one lipid species, POPC, which is known to be
absent in bacterial membranes.[*! Moreover, a high protein-to-
phospholipid ratio characterizes ATP synthase-containing mem-
branes. In particular, both the inner mitochondrial membrane
and the E.coli inner membrane exhibit a high protein level up
to 80 % w/w.l**’] Despite high protein content in those mem-
branes, the short-range interactions between rotating ATP syn-
thases will favor the formation of transient dimers of nearby pro-
teins.

As mitochondrial ATP synthases are mostly found in the rim
of cristae forming dimers, it is therefore tempting to suggest
a new role for the c-ring rotation in the cristae biogenesis and
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maintenance.['?] Mitochondrial ATP synthases are assembled as
monomers within cristael®®! and would dimerize at the tip of
cristae via specific interaction of two adjacent b subunits and the
participation of subunits e and g, among others.[3#*°°] However,
it is not known if dimers are assembled previously to their clus-
tering into the tip of cristae or if the accumulation of monomeric
proteins into curved regions favor their stabilization through the
specific interaction provided by the different F, subunits. Clues
into this behavior include the fact that monomeric ATP synthases
can also be found at the inner boundary membranes, likely due to
protein diffusion from cristae or to the protein exchange during
mitochondrial dynamics.l!]

The width of cristae membranes depends on the organism, the
cell type, and the metabolic and health status of mitochondria.l>?!
In general, cristae have an approximate curvature radius between
10 and 15 nm.>3] We did not experimentally achieve such curva-
tures under rotating conditions, but proteins exhibited a degree
of spontaneous sorting (in the absence of rotation, S = 1.5. See
Figure 4A) at moderate curvatures (¢ > 0.06). Upon extrapolation
of our data from active conditions in the presence of ATP, the
sorting parameter would reach values as high as S > 4). Our re-
sults suggest that the rotational movement of the c-ring might be
a determinant funnelling factor for the dynamic arrangement of
ATP synthases within different membrane regions of cristae.

Additionally, ATP synthases are found in bacterial and thy-
lakoid membranes. As bacterial and thylakoid ATP synthases
are not furnished with the extra subunits responsible for protein
dimerization, they are assumed to appear as monomers in
their membrane environments. Those ATP synthases keep their
ability to rotate, prompting questions about the protein-protein
contacts and the formation of cristae-like structures in those
biomembranes. On one hand, the high internal turgor pressure
inside the bacterial cytoplasm (up to 3 MPa for Gram-positive
bacteria) is not conductive to the high excess area required for the
formation of tubular structures. However, a non-uniform local-
ization of ATP synthases in B. subtilis has been observed, where
ATP synthases were found restricted to irregular and highly
dynamic domains within the membrane.** In addition to the
likely lipid-driven protein segregation through specific protein-
lipid interactions, it will be interesting to determine whether the
formation of these protein-rich domains is correlated with the
rotating movement of proteins.

The existence of ATP synthase dimers in chloroplasts has been
confirmed for a variety of organisms, including plants and green
algae.> A recent study suggests that up to 15 % of thylakoid ATP
synthases appear to be in contact with another ATP synthase.[>®!
These dimers are not stabilized through fand g subunits, as these
are absent in chloroplast ATP synthases. Interestingly, vanadate
inhibition of ATPase activity results in depletion of ATP syn-
thase dimers in the thylakoid membranes of Chlamydomonas
reindhartii.l’’] This observation suggests a link between ATP syn-
thase rotation and the ability of ATP synthases to dimerize. Con-
trary to our curvature-sensing observations, however, ATP syn-
thases in chloroplasts are only found in flat areas and excluded
from the margins of thylakoids.[*®! Such particular organization
of proteins may be explained by the singular architecture of these
organelles. First, the extreme curvature of the margins may be
too acute for a positive sorting, instead promoting a negative
sorting. Note that the thylakoid luminal thickness between grana
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membranes is only 4.5 nm,*°! in contrast with the approximately
27 nm in mitochondrial cristae.>3] Second, proteins in the thy-
lakoid exist in a quasi-crystalline, crowded state.l®?] In such a
rigid membrane, hydrophobic mismatch interaction might be
even higher®¥ for protein dimerization but chloroplast ATP syn-
thases might be confined to grana-end and stroma lamellae areas,
prevented from reaching the highly curved margins. This can
be compounded by specific activity, such as that of the CURT1
proteins that have been reported to stabilize high-curvature thy-
lakoid regions and to block access to other proteins.l®!l Interest-
ingly, these observations in bacterial and thylakoid membranes
can be interpreted through the lens of the protein-protein approx-
imations promoted by the c-ring rotation. Deeper investigation,
using complex living systems, will hopefully be able to further
connect molecular-level details to biomembrane behavior.

4, Conclusions

Monomeric F,F -ATP synthases from E.coli were reconstituted
in GUVs and their curvature sorting was measured through
tether pulling experiments. The curvature-seeking behavior of
ATP synthases was only observed for rotating proteins i.e., un-
der active conditions. The incubation with the rotation inhibitor
DCCD prevented the protein sorting into nanometric lipid fila-
ments. Coarse-grained molecular dynamics simulations showed
that the rotation of simulated F, proteins stabilized membrane
buckling, where the preference of proteins for high curvature
was significantly higher than in controls. Additionally, F, pro-
teins underwent an apparent clustering under torque, with fre-
quent and reversible loose association of proteins. The under-
lying mechanism of curvature sorting was compatible with a
membrane-mediated protein-protein interaction. The attractive
force between F, domains relies on the hydrophobic mismatch
produced at the vicinity of rotating proteins, which produce the
formation of transient dimers with a conic-like arrangement,
thus likely causing the curvature sorting in in vitro experiments.
Overall, our results suggest a new functional role for the c-ring
rotatory movement of ATP synthases in biomembranes.

5. Experimental Section

Chemicals:  Potassium chloride (KCl), magnesium chloride (MgCl,),
sodium chloride (NaCl) glucose, sucrose, tris (hidroximetil)aminometano
(Tris), 4-(2-hydroxyethyl)—1-piperazineethanesulfonic acid (HEPES),
N,N’-dicyclohexylcarbodiimide (DCCD), carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone (FCCP), hydroxypyrene-
1,3,6.trisulfonic acid (Pyranine), Adenosine 5’-triphosphate disodium
salt (ATP), p-casein, bovine serum albumin (BSA), lysine and mineral oil
were supplied by Sigma-Aldrich. n-Dodecyl-f-d-maltoside (DDM) was
purchased from VWR. Phosphate buffer saline (PBS) was provided by
GE Healthcare. Polystyrene streptavidin-coated microspheres (=10 um
diameter) were purchased from Bangs Laboratories, Inc. Alexa 555-NHS
was acquired from Thermofisher (Molecular Probes). Ultrapure water
was produced from Milli-Q unit (Millipore, conductivity lower than
18 MQ cm™).

Lipids:  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) (RhPE), 1,2-palmitoyloleyl-
sn-glycero-3-phosphocholina  (POPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl (polyethylene glycol)—2000] (ammo-
nium salt) (DSPE-PEG(2000) Biotin) were purchase from Avanti Polar.
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1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine  fluorescently labelled
with Atto 488 (DOPE Atto-488) was purchased from ATTO-TEC. Lipids
were suspended in chloroform at 1 mg mL™" and stored at —20 °C.

Electroformation of Giant Unilamellar Vesicles (GUVs):  Giant vesicles
were prepared using the standard electroformation protocol.152 The fabri-
cation 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 uL of
the POPC solution in chloroform (0.5 mg mL™") onto each ITO slide. Sam-
ples were dried at room temperature and rehydrated in buffered solution
(25 mM HEPES pH 7.4, 10 mM KCI, 155 mM sucrose) and the electrodes
were connected to an AC power supply (10 Hz, 1.1 V; Agilent) for at least
3 h. POPC lipids were supplemented with 1.2 % mol DOPE Atto-488 and
0.4 % mol DSPE-PEG(2000) Biotin for pulling experiments. Lipid sorting
was also carried out with 1.2 % mol RhPE.

Protein Purification and Fluorescent Labelling: Bacterial F;F —ATP syn-
thase was purified from native E.coli MG1655 cytoplasmic membranes
as described inl®] and fluorescently labelled with fluorescent Alexa 555-
NHS as described in.['®] Bacteriorhodopsin from Halobacterium salinarum
(Sigma Aldrich) was also fluorescently labelled with Alexa 555-NHS us-
ing the same protocol. Labelled proteins were conserved in stock solution
(200 mM sucrose, 10 mM KCl, 10 mM Tris HCI pH &, 0.5 mM DDM) at
—-80 °C.

Protein Reconstitution: ~Protein reconstitution into GUVs was per-
formed by mild detergent treatment with DDM.I5465] Briefly, 0.4-1 uL
of protein stock solution (~ 0.2 mg mL™") was diluted in with 10 pL
of GUV solution and incubated for 45 min at room temperature. The
DDM concentration was then below its critical micelle concentration
(cmeppym = 0.17 mM), promoting protein incorporation into the mem-
branous environment.

Tube Pulling Assay: The micromanipulation device consisted of two
homemade micromanipulators, using pipette holders (Narishige) and mi-
crometre screws with < Tum accuracy in the three x, y, and z axes mounted
on vertical platforms (ThorLabs).[%¢] Borosilicate capillaries (0.5 mm 1D
and 1 mm OD, World Precision Instrument) were pulled (PC-100, Nar-
ishige) and forged (MFG-5, Microdata Instruments) to form tips with 5—
12 um internal diameter. The micropipettes were connected through the
pipette holders to water tanks and aspiration was controlled by hydrostatic
pressure up to 3 kPa with 20 mPa resolution steps. The micromanipula-
tion chamber was made up of two 4-mm spaced coverslides with a vol-
ume of ~200 pL, allowing pipettes to enter the solution. The whole system
was mounted on a Nikon Ti-E inverted microscope equipped with a Nikon
C2 confocal scanning confocal module, 488-nm and 561-nm continuous
lasers (Sapphire), Plan Apo 100x NA 1.45 oil immersion objective and PL
Apo 40x water objective (Nikon).

Prior to any operation, both the pipettes and the chamber were incu-
bated with BSA (1 mg mL™") for 5 min at room temperature to inhibit
strong adhesion of vesicles to the bottom of the observation chamber. Af-
ter washing, the chamber was filled with 200 mM glucose solution or salt
buffer (15 mM HEPES pH 7.4, 5 mM MgCl,, 55 mM NacCl, 100 mM glu-
cose), 10-20 uL of proteo-GUV solution and 1-2 pL of a biotinylated silica
beads (1:10 dilution of manufacturer solution). For active conditions, ATP
(20 mM ATP, 20 mM potassium phosphate buffer pH 7.2, 20 mM MgCl,;
ATP 1 mM final concentration) was added in the chamber buffer before
starting the micromanipulation experiment. For F inhibition experiments,
the same external media used for active conditions was complemented
with DCCD (1 mM final concentration, see Supporting Information for de-
tails). For dissipating experiments under active conditions in the presence
of ATP and FCCP, the protonophore was included in the external medium
(20 uM final concentration). For the proton passive translocation experi-
ments with FCCP and DCCD, ATP synthase GUVs were diluted in acidic
buffer (15 mM HEPES pH 6.8, 5 mM MgCl,, 55 mM NacCl, 100 mM glu-
cose). In the synthesis mode, ATP synthase GUVs were diluted in synthe-
sis buffer containing 15 mM HEPES pH 7.4, 5 mM MgCl,, 55 mM KCl,
100 mM glucose, 10 mM Na,ADP, 10 mM K,HPO, and 10 uM valino-
mycin. Pulling experiments were performed during 30 minutes after mix-
ing GUVs with external media, a time window where the proteins remained
active or inhibited (see Supporting Information for details). BR curvature
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sorting experiments under passive conditions were performed using the
same protocol as for ATP synthase in the absence of ATP whereas BR GUVs
under illumination were diluted in 15 mM HEPES pH 7.4, 5 mM MgCl,,
55 mM KCl, 100 mM glucose and valinomycin 10 uM to overcome the
retroinhibitory effect of the electrochemical gradient by the proton pump-
ing activity of BR.I%] Light-induced proton transport by BR was performed
illuminating the sample for 30 min using a 12-V, 100-W halogen lamp with
an emission band-pass filter (360-460 nm) prior to imaging for protein
sorting.

For each pulling experiment, a slightly fluctuating vesicle was selected
and held with a micropipette under a minimal suction pressure and a bi-
otinylated silica bead was held with the second pipette under high suction
pressure. The microaspirated GUV and the bead were brought into con-
tact and a membrane tube was pulled from the GUV upon separation of
the bead. For control experiments in the absence of proteins, the tube ra-
dius was measured with several back and forth pulling movements. As the
surface and volume of GUVs remain constant during pulling experiments,
the tube radius, r,, was obtained from the relative changes of the aspirated
protrusion, Lp, with the tube length, L,, up to & 160 um:

_ (9L Ro
"= (m) (1 - R—v> R @

where R, is the pipette radius and Ry is the vesicle radius.[™>] After each
pulling in and out step, a waiting time of 30 seconds was set up to allow the
tube composition to equilibrate. Also, a calibration factor, F, was obtained
through r, = F X (Iifbg/llclipuv)' This allowed to measure r, directly from the
lipid fluorescence channel in proteo-GUVs.[38] Finally, the protein sorting
was obtained by comparing the lipid and the protein fluorescence intensity
of the membrane tube to that of the GUV following the (Equation 1) of
the main text.l’3] The sorting ratio was averaged for tubes with radii, r, =
50 + 20 nm. The fluorescent intensities were obtained with a homemade
MATLAB script. More details in Supporting Archive 1.

Pyranine Assays for Testing Protein Activity after Reconstitution in GUVs:
The proton transmembrane translocation activity of ATP synthase and BR
was assessed using the pH—sensitive probe pyranine as a reporter of the
luminal acidification of proteo-GUVs!®4¢7] (see Figure S6, Supporting In-
formation). Pyranine was encapsulated at 150 uM into GUVS prior to pro-
tein reconstitution and the luminal acidification was deduced from the de-
crease of the fluorescence intensity of the probe excited at 4., = 488 nm
as reported previously.[6]

Simulation Setup:  Martini 3 version parameters were used for the pro-
tein, lipid, and solvent.[?”] The atomistic model of the transmembrane
domain of the E. coli ATP synthase (F,) (PDB ID 6vwk)!®® was con-
verted into a coarse-grained structure using the vermouth-martinize python
script!®] with default elastic network parameters: elastic bonds between
backbone particles within 0.9 nm of one another, with force constant
500 k) mol=" nm~2. To allow for independent rotation, the c-ring was mod-
elled as a single elastic-network-connected unit, and a and b subunits as
another unit. The proton-carrying c-ring Asp residues that sit exposed to
the membrane core were all modelled in their protonated state. Four F, do-
mains were inserted into a bilayer consisting of 1712 molecules of POPC,
using the insane script.l’%] The membrane was set up with a large aspect
ratio so that any undulations would occur essentially over one dimension.
The system was solvated with a 150 mM NaCl water solution, and coun-
terions were added until neutrality.

Molecular Dynamics Simulations: ~Simulations were run using the
GROMACS simulation package version 2021.117" patched with PLUMED
version 2.7.1.172] Structures equilibrated in the NPT ensemble (using a
semi-isotropic Parrinello-Rahman barostat with a 12 ps time constant)
were used as the starting point for molecular dynamics simulations of four
replicates of at least 5 us. A time-step of 20 fs was used with a Verlet cut-off
scheme. Temperature was maintained at 300 K using a v-rescale thermo-
stat coupled separately to the bilayer and the solvent with a time constant
of 1 ps. Simulations were run in the NVT ensemble so that any rotation-
induced local membrane expansion would not be masked by barostat ac-
tion. A reaction-field Coulombic potential with a 1.1 nm cut-off radius was
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used. For Van der Waals interactions, a Lennard-Jones potential was ap-
plied, cut-off at 1.1 nm and translated by a constant so that the potential
was zero at the cut-off.

To induce the rotation of the c-ring of the F, transmembrane domain
relative to the a and b subunits, a torque was imposed on one of the 10 sub-
units of the c-ring using PLUMED (via a 400 k] mol~" rad~" force applied
to the rotation of the c-ring relative to the a and b subunits; Figure S3 (Sup-
porting Information) shows rotation profiles at lower and higher torques).
A restraint was added keeping the centre of the c-ring at a constant dis-
tance of three points in the a subunit, so that the imposition of a torque
would not cause the separation of the ¢-ring from the other F, subunits.
Details on the application of torque and restraints were expanded in the
Supporting Methods. For ease of reproducibility, the starting structures,
topologies, and GROMACS and PLUMED setup files were also all included
as a Supporting Archive 2.

In a specific case, instead of a torque, additional harmonic restraints
were applied to induce tilting of the c-ring relative to the a subunit. These
restraints were applied as an elastic network on all backbone-backbone
distances between the ¢c-ring and the a subunit under 0.9 nm. The reference
for these distances was the average tilted conformation the F, units adopt
when under torque.

Simulation Analysis and Visualization: ~ Analysis of the trajectories was
performed using in-house analysis scripts, with extensive use of the
NumPy,[73] SciPy,[74] and MDAnalysis Python packages.l”>7¢] The rota-
tional velocity of the c-ring was assessed by measuring the mean rotation
(in radians) per unit time of all proteins divided by 2z. For the analysis
of the curvature preference of the F, protein, the average z-coordinate
profile inscribed by the lipid phosphate groups along the x axis was ob-
tained, then sliced into 30 fragments of equivalent size. The intersection
points of the slices with the profile were used as the vertices of the tri-
angles from which the local curvature of the bilayer was obtained from
the circumradius of the circle that circumscribes each triangle (Figure S7,
Supporting Information for details). The fluctuation of the membrane in
the active and passive modes was explored by monitoring the distribution
of the peak-to-peak (maxima—minima) distances of the lipid phosphate z-
coordinates throughout the trajectory. For the average protein-protein con-
tact lifetimes, a cut-off distance of 0.7 nm was defined. In contrast, for the
time-averaged inter-F,, approximations, the distance cut-offwas of 20 A. To
obtain the interaction free-energy between pairs of proteins as a function
of distance, the probability distribution of pair protein distances, p(l) was
calculated for the second half of the simulations. Assuming a Boltzmann
distribution, the effective potential V(/) can be deduced through:

V()= —kgTIn(p()) =InZ @)
with
< =V()
Z = [ e%T 2zl dl )
/

The thickness profile of the bilayer was calculated as follows: first, the
distribution of the z-coordinates of the lipid phosphates per monolayer
was obtained as a function of the distance from the center of mass (COM)
of the protein. A corrective factor to account for the curvature of the bilayer
was applied to the z-axis. The thickness was estimated as the difference be-
tween the z-coordinates of the upper and the bottom monolayers. The tilt
angle was defined as the angle between the simulation box’s z-axis and the
vector pointing from B to T (B was the COM of the 8—one per ¢c-subunit
of the c-ring—bottom ASN3 backbone beads; T was the COM of the 8 top
PRO43 backbone beads of the ¢-ring). VMD 1.9.3 was used for molecular
visualization.[””] All scripts were available in Supporting Archive 3.

Statistical Analysis:  Bending moduli and sorting data were tested via
ANOVA. Differences between means were assessed using the Tukey Mean
Difference test. Statistical significance difference was established as sn (p-
value > 0.05), * (p < 0.05), **(p < 0.01) or *** (p < 0.001). The difference
between curvature preferences was compared using a t-test for indepen-
dent samples. In the case of the spatial clustering simulation results, a
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weighted Welch t-test for independent samples was used. Because data
from simulation time-series were naturally autocorrelated, confidence in-
tervals in means of values measured over frames were estimated by a mod-
ified bootstrap approach in which each resampling was done over only N//
samples, where N is the total number of samples and I the integral of their
autocorrelation function.[3

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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