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SUPPLEMENTAL INFORMATION

SUPPLEMENTAL MATERIAL 1: The ATP synthase
of Halobacterium salinarum

Nature’s use of a transmembrane electrochemical gradient
to generate ATP was established in pioneering work by
Mitchell (1). According to this, a potential of electrons or
protons was used as energy source to phosphorylate ADP.
Such a membrane potential can be established by respira-
tion or photosynthesis, the most simple case however is
probably the light-induced proton transport of the purple
membrane (PM) from Halobacterium salinarum densely
packed with bacteriorhodopsin (bR) (2). bR activity leads
to ATP formation (3) when solely co-reconstituted with
ATP-synthases into liposomes (4). bR formed large
(~500nm) 2D-arrays (5) sufficiently well ordered to allow
determination of the bR structure using electron micros-
copy (EM) (6). The localization of the proton consuming
ATP-synthase and the efficiency of proton migration be-
tween bR and ATP-synthase — as it is not inserted into bR
arrays — needed to be addressed. It was shown that protons
migrate fast and preferentially along the PM surface and
reach the edge of bR arrays within ~100us (7). This
mechanism allows the ATP-synthases to be located at the
edges of the bR 2D-arrays, but there is no experimental
evidence so far concerning its location, association and
dynamics.

Little is known about the ATP-synthase of the extremely
halophilic archaebacterium Halobacterium salinarum. Se-
quence analysis have shown that this A-ATP-synthase (A
for archaebacterial) is related to the F-ATP-synthase and to
the eukaryotic V-ATPase (8, 9). A low-resolution single
particle EM 3D-map of an A-ATP-synthase (10) showed
that the overall shape resembled the F-ATP-synthase (11),
though two peripheral stalks were found (10). Many as-
pects of the structure of the F-ATP-synthase were solved
(12, 13). The c-ring structures of bacterial Na'- (14) H'-
(15) ATP-synthases are solved, as well as the chloroplast
H'- ATP-synthase (16) and a V-type Na'- ATPase (17).
ATP-synthases form dimers in mitochondria (18-20), but
they are thought to occur as monomers in prokaryotes, and
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no information is available, to our knowledge, on this topic
about the A-ATP-synthase.

SUPPLEMENTAL MATERIAL 2: High-speed atomic
force microscope (HS-AFM) observation of purple
membranes

Purple membranes (PM) from Halobacterium salinarum
containing wild type bacteriorhodopsin (bR) were isolated
according to Oesterhelt and Stoeckenius (2). PM patches
were deposited on freshly cleaved mica. To check the
cleavage quality the mica was first imaged in adsorption
buffer containing 10 mM Tris—HCI (pH 7.6), 150 mM KCI,
25 mM MgCl2. Subsequently 3 pl of PM solution was in-
jected into the adsorption buffer drop on the mica surface.
After 15 minutes the sample was rinsed with ten volumes
recording buffer containing 10 mM Tris—HCI (pH 7.6), 150
mM KCI.

AFM (21) has proven a powerful tool for membrane pro-
tein research. It allowed watching the native supramolecu-
lar membrane protein assembly of prokaryotes (22-24) and
eukaryotes (25, 26). Early it has been used to study PM
(27). Despite attempts to assess membrane dynamics using
conventional AFM setups (28-30), the dawn of HS-AFM
(31) had to be awaited for monitoring dynamic processes
(32, 33). HS-AFM (31) has evolved through a series of
improvements (34, 35), and allows now imaging at up to 50
ms frame acquisition speed. If only a few scan lines are
recorded topographic acquisition is faster than 1 ms. At this
high imaging frequency molecular motor action (36), en-
zymatic activity (37), and 2D-diffusion dynamics (32, 33,
38), could be studied.

The observations of PMs by HS-AFM (31) were performed
in oscillating mode using an amplitude reduction ratio of
30%. A high-sensitivity photodetector has been imple-
mented and the photodetector signal was low-pass filtered
(pass <5 MHz). Cantilevers designed for high-speed AFM
from (Olympus, Tokyo, Japan) with about 8 pm length and
a spring constant of 0.1-0.2 N/m, a resonance frequency of
0.8-1.2 MHz and a quality factor of ~2 in solution were
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Fig. S1) Dynamics of bR in lipid border regions of purple
membranes of Halobacterium salinarum. A) Overview topog-
raph. Three image regions can be depicted, the mica support, the
lipid bilayer and the bR lattice within the bilayer. B) Ten images
from a longer sequence: The shape of the bR-lattice edge
changes with time. The membrane depression (dashed outline in
frame 0s) allowed image alignment with the overview image A).
C) Detailed analysis (left: image at time t, middle: image at time
t+1s, right: difference image (t,t+1s)) of the association (top) and
the dissociation of individual bR trimers to and from the bR-array
(full false color scale: 29A).

used (39) featuring an electron beam deposition (EBD) tip
at the end of the microfabricated pyramidal tip (40). The
sensitivity of the AFM system to the probe deflection was
of 0.1 V/nm. The scan areas were of 500 x 500 (A)% and
the number of pixels per frame was of 100x100. The imag-
ing rates were 1000ms (Movie S1) and 187ms (Movie S2)
per frame.

SUPPLEMENTAL MATERIAL 3: Topography and
mass spectrometry assignment of Halobacterium salina-
rum ATP synthase c-ring

In the edge-region of PM, we found ring-shaped molecules
with 65-A diameter (Fig. S2A). Based on their shape, size
and location besides the bR-arrays we attributed the protein
to membrane standing ATP-synthase c-rings. This attribu-
tion was confirmed by mass-spectrometry analysis that
documented the presence of two peptides with masses of
7517 Da and 7618 Da. The entire c-ring subunit gene (atpk)
of H. salinarum codes for a 89 amino acids long hydropho-
bic protein (CAP14578, (41)). However it has been shown
that the N-terminal 12 amino acids of the c-ring subunits in
the membrane were cleaved (42). The calculated mass of
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the remaining membranous protein is 7516.84 Da in ex-
tremely good agreement with the 7517 Da measured
(Fig. S2B). The finding of a second peak at 7618 Da is
evidence for alternative protein cleavage resulting in a one
amino acid longer protein.

SUPPLEMENTAL MATERIAL 4: Sequence alignment
with other c-ring proteins

In order to get more insight into the A-type ATP-synthase
subunit K (atpk; CAP14578; (41)) structure, we have per-
fomed sequence alignment with the c-ring proteins of
known structure: chloroplast H-ATP-synthase (16), bacte-
rial Na'- ATP-synthase from I. tartaricus (14) and the bac-
terial H'- ATP-synthases (15) from S. platensis (Fig. S3A).
The H. salinarum subunit K compares with these proteins
in light of the fact that they consist of two transmembrane
helices. It has been reported that sequence-wise the A-type
ATP synthase compared slightly better with V-type ATP-
ases (8), though their c-ring is constituted of multiplications
of the two-helix unit. Therefore, we have also performed
sequence comparison with the first and second halfes of the
c-ring subunit of the V-type ATPase from E. hirae
(Fig. S3B) of which the structure is known (17). All infor-
mation points to the presence of two transmembrane helices
in the c-ring structure of H. salinarum that span approxi-
mately from M19 to A55 and from L59 to P86. Of particu-
lar interest for our work is the second transmembrane helix,
because it is the lipid membrane exposed: we estimate that
the charged D58 can not yet be membrane embedded and
that P86 breaks the transmembrane helix where the chloro-
plast, the 1. tartaricus, and the S. platensis c-ring structures
terminate their helices with a conserved Leucine. The
membrane exposed transmembrane helix can therefore be
estimated of approximately 28 amino acids and 42 A in
length. In all structures the helices are fairly perpendicular
with respect to the membrane plane. Sequences analysis for
transmembrane  domain  prediction using TMpred
(http://www.ch.embnet.org/software/ TMPRED_form.html)
provided a similar picture (Fig. S3C).
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Fig. S2) Assignment of ATP-synthase c-ring structures in purple membranes of H. salinarum. A) AFM image of the cytoplasmic
face of purple membrane containing bR-trimers (triangular outline) besides c-rings (full false color scale: 18A, inset: radial symmetrized c-
ring average (n=106)). Section profiles of raw data (1) and averaged (2) c-rings. The ring diameter is 65A + 5A (n=106). B) Mass spec-
trometry analysis of PM. Besides a major peak corresponding to bacteriorhodopsin at ~28kDa, two peaks at 7517 Da and 7618 Da were
found. C) H. salinarum subunit K (c-ring) sequence. The first 12 N-terminal amino acids are cleaved (red box) (8). Based on sequence
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Fig. S3) Sequence analysis of H. salinarum A-type ATP-synthase c-ring subunit K (atpk; CAP14578). A) Sequence comparison with
the chloroplast, the I. tartaricus, and the S. platensis c-ring sequences, c-rings of which the structure has been solved (2W5J, 2WGM,
2WIE). B) Sequence comparison with the E. hirae V-ATPase c-ring sequence (2BL2). The transmembrane helix regions in the structures
(2W5J, 2WGM, 2WIE, 2BL2) are shaded in A) and B). The first 12 aminoacids in the H. salinarum sequence are cleaved in the membrane
(8). C) C-ring sequences analyses for transmembrane regions by TMpred (http://www.ch.embnet.org/software/TMPRED_ form.html).

SUPPLEMENTAL MATERIAL 5: Analysis of molecu-
lar motion

To define the molecular positions of the c-rings in the AFM
images, for all analyses presented in this work, we used a
“doughnut”-shaped reference, i.e. a radial symmetrized c-
ring average (Fig. S2A, inset), that was cross-correlated
with the topographs. Cross correlation of a perfectly ring-
shaped motif with a approximately ring-shaped molecule
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unambiguously and precisely defines the molecular center
position. Supplementary figure S4 shows particle-tracking
diagrams of a HS-AFM movie of sixty frames recorded at a
frame rate of 187 ms, where the c-rings were imaged as
close dimer, elongated dimer and monomer. The real space
positions of the c-rings (Fig. S4A) were treated concerning
their Y- (Fig. S4B) and X- (Fig. S4C) coordinates. From
this, the angular assembly of the dimer was deduced that
remained well conserved over time, even after c-ring disso-
ciation and re-association (Fig. S4D, top).
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Fig. S4) ATP-synthase c-rings tracking. Black dots and lines
denote the c-ring remaining in the imaging frame during entire HS-
AFM analysis (see figure 1 in the main manuscript and supplemen-
tary movie 2), red and blue dots and lines represent trajectories of
alternating c-rings. A) Real-space representation of particle track-
ing. B) and C) projections onto the Y- and X- coordinates respec-
tively, as a function of time. D) Polar coordinates and center-to-
center distance representation of the c-ring diffusion.

We suspect that the angular assembly preservation is facili-
tated by remaining stator elements (Supplemental Material
6). Most often inter-ring distances of 10 nm were found
(frames 1-23 and frames 29-60) (Fig. S4D, bottom), with a
period during which dimer dissociation occurred (frames
24-28); the monomer c-ring detection is limited by the im-
aging frame size and acquisition rate.

The motion of molecules was analyzed by computing the
mean square displacement (MSD) following

MSD(At) = <[r(t+m) - r(z>]2>

where 7 is the position of each molecule, At is the lag-time
and the <brackets> indicate that the average was calculated
over the elapsed time ¢. The results were fitted with a gen-
eralization of the diffusion equation (MSD =4DAf) for
complex systems:

MSD=T"- At*

where I is a scale factor independent of time, and a is the
anomalous diffusion exponent. If the exponent &> 1 mo-
tion is called to be super-diffusive, if a = 1 is free diffusive,
and if a < 1 is called sub-diffusive.
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SUPPLEMENTAL MATERIAL 6: Stator elements of
the ATP synthase

The angular association preservation (see figure S4D top)
of the c-rings within the dimer implies an additional ele-
ment on the c-ring surface that defines the orientation
within the membrane plane. This is particularly obvious
when the dimer temporarily dissociated and reformed with
similar angular arrangement. Indeed, additional peripheral
protein structure, attributed to the transmembrane part of
the ATP-synthase stator, was imaged at preserved localiza-
tion besides the dimer (Fig. S5A, B) and the monomer
(Fig. S5C). Doubtlessly the stator defines the rotational
orientation of the ATP-synthase within the membrane plane
and confines therefore where the partner ATP-synthase
within the dimer can dock to the assembly.

Fig. S5) ATP-synthase stator defines angular assembly pres-
ervation (full false color scale: 18A). Two images of longer se-
quences are shown of ATP-synthase dimers in A) and B) and of a
ATP-synthase monomer in C), in which a peripheral protein pro-
trusion is visible. The location of this remains constant and is
attributed to the transmembrane stator. The localization of the
stator confines the angular assembly of the dimer.

SUPPLEMENTAL MATERIAL 7: Topography of the
lipids surrounding the two interacting C-ring proteins

The hydrophobic thickness of the c-rings is about 10A
larger than the hydrophobic thickness of the lipid bilayer.
In these conditions the hydrophobic mismatch theory pre-
dicts significant increase of the lipid bilayer thickness in
the region between the two c-rings. Our AFM data partially
corroborates this hypothesis, it has been found that 55% of
the frames where the c-rings were found in an elongated
dimer assembly presented an increased lipid bilayer thick-
ness in the region between the two c-rings. These results
should be interpreted conservatively as possible sources of
error such as the tip convolution and the acquisition noise
may play a role.

Two different types of features have been observed in the
frames where the lipid thickness between the c-rings was
increased. On the one hand, an elevated (~ 10A) flat pla-
teau (Fig. S6A, B), this has been only observed for inter c-
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ring center-to-center distances from 105 to 120A. On the
other hand an elevated plateau with a central protrusion
peak around 10A high that spans from c-ring to c-ring
(Fig. S6C, D). This second feature is only observed for
inter c-ring distances below 100A. We interprete the latter
effect is due to tip convolution, i.e. the tip can not enter
between the two narrow located rings. This however makes
us confident that the flat plateau that we can observe bet-
ween elongated c-rings are indeed elevated lipid molecules
accomodating for the c-ring hydrophobic mismatch.

10 15 20 25
X (nm)

(wu) 7

° 0 5 10 15 20 25
X (nm) 2 X (nm)

Fig. S6. Topography of the lipids between the two interacting
C-ring proteins. (d) indicates the c-ring center-to-center dis-
tance (full false color scale: 18A). The images A) (d= 105A) B)
(d= 106A) show the presence of an elevated flat plateau profiles
between the C-rings. The images C) (d= 96A) and D) (d= 96A)
with shorter distances between the C-rings present additional
protrusions spanning between the C-rings (arrows).
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SUPPLEMENTAL MATERIAL 8: Theoretical
considerations

Hydrophobic mismatch between a membrane inclusion and
the surrounding lipid bilayer creates a deformation of the
bilayer that extends a small distance A around the inclusion
(43). It can be shown (43) that it is set by the ratio of the
membrane bending rigidity « and stiffness to stretching k,
according to A =( h*/ k). One expects from scaling ar-
guments that both elastic constants are related to the bilayer
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Young’s modulus (E) according to k ~Eh’ and k~Eh ,
(where h is the bilayer thickness) predicting a decay length
of order the bilayer thickness.

If two such inclusions are sufficiently close for their asso-
ciated membrane deformation fields to overlap, they expe-
rience a membrane-mediated interaction, which is generally
attractive between similar inclusions. Although numerous
theoretical and numerical studies have explored various
aspects of membrane-mediated interactions between mem-
brane proteins (for a review, see (43)), direct experimental
evidence for such interaction have not been obtained until
now. The strength of the interaction potential depends on
the elastic properties of the membrane (such as its bending
energy K, and the membrane decay length A) and the
hydrophobic  thickness mismatch Ah. The precise
expression of the potential can be difficult to calculate (see
for instance (44)) but it typically decays exponentially over
the characteristic length L. Between to disc-like inclusions
whose radius R is much larger than A, it can be
approximated by the integral over the discs curved
boundaries of the energy density of membrane deformation

between two flat walls: A 5 -
U, emprane (d) = ZK(—) X o d=2R)/ A
A A

where d is the distance between the centers of the two
discs. When the proteins are in contact, attraction still oc-
curs, but bringing the rings closer to one another requires
deforming them (rearranging the membrane exposed amino
acid side chains or deforming the strongly bound lipid layer
surrounding them). This involves an elastic cost which can
be estimated by analogy with the Hertz contact problem
(45):

T
16

where £ is the elastic modulus of the deformed body. As-
suming that the data (see figure 2A in the main manuscript)
represent an accurate measure of the equilibrium probabil-
ity distribution for the distance between the two rings:
p(d) = p e Unawr (DU VKT = o6 can fit the experi-
mentally measured interaction potential and estimate the
different physical parameters (see figure 2B in the main
manuscript). The data was best fitted using the following
parameters: 2R=103A, A=20A, k=0.06k;T/A* and
eo =k Ah*/ 2> = 0.8 k5T .

Uelastic (d) = k(d - 2R)2

We find that the elastic modulus is k= 0.025J/m’is an or-
der of magnitude lower than the elastic modulus of lipid
bilayers (0.2 J/m?). The decay length A is indeed of order
the bilayer thickness, and taking a hydrophobic monolayer
mismatch Ah =35 A, (lipid bilayer thickness of about 30A
(46, 47), protein hydrophobic thickness of about 40A), a
good fit for the bending modulus is k = 13 k3T, which is
also in agreement with expected values.
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SUPPLEMENTAL MOVIE 1 title:
Dynamics of bR in lipid border regions of purple mem-
branes of Halobacterium salinarum

SUPPLEMENTAL MOVIE 2 title:
ATP-synthase c-ring motion monitored by high-speed
atomic force microscopy (HS-AFM)
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