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Proton-powered subunit rotation in single
membrane-bound FF,-ATP synthase

Manuel Diez!, Boris Zimmermann!, Michael Borsch?, Marcelle Kt')nig3, Enno Schweinberger3, Stefan Steigmillerl,
Rolf Reuter!, Suren Felekyan?, Volodymyr Kudryavtsev?, Claus A M Seidel® & Peter Griber!

Synthesis of ATP from ADP and phosphate, catalyzed by FyF-ATP synthases, is the most abundant physiological reaction in
almost any cell. FyF;-ATP synthases are membrane-bound enzymes that use the energy derived from an electrochemical proton
gradient for ATP formation. We incorporated double-labeled FyF,-ATP synthases from Escherichia coli into liposomes and
measured single-molecule fluorescence resonance energy transfer (FRET) during ATP synthesis and hydrolysis. The v subunit
rotates stepwise during proton transport-powered ATP synthesis, showing three distinct distances to the b subunits in repeating
sequences. The average durations of these steps correspond to catalytic turnover times upon ATP synthesis as well as ATP
hydrolysis. The direction of rotation during ATP synthesis is opposite to that of ATP hydrolysis.

To clarify the central role of energy transduction and the rotary
mechanism of FF,-ATP synthase, much experimental work has
focused on the mechanistic events in this molecular motor!~17. FyF,-
ATP synthase catalyzes the formation of ATP from ADP and phos-
phate in bacteria, mitochondria and chloroplasts, and this reaction is
driven by conversion of Gibbs free energy derived from a transmem-
brane electrochemical proton gradient!. The enzyme consists of two
parts, F; and F,, which in E. coli have the subunit composition
053;yd¢€ and ab,c, with an expected number # of ¢ subunits between
10 and 12, respectively (Fig. 1a). ATP synthesis takes place at the
three 3 subunits of F;, which sequentially adopt different conforma-
tions during catalysis®. Due to different interactions of each B sub-
unit with the y subunit, three possible conformations of the catalytic
binding sites are found in the X-ray structure®. A sequential conver-
sion of the conformations of the catalytic sites is caused by rotation
of the y subunit, which is located in the center of the a;B; complex.
Rotation of the y subunit is assumed to be coupled mechanically to
proton translocation by a rotational movement of the c-ring* of F,,.
Therefore, the subunits are also defined as ‘rotor’ (yec,, Fig. 1) and
‘stator’ (03P;0ab,, Fig. 1)>8.

In single immobilized F; subcomplexes, subunit rotation during
ATP hydrolysis has been demonstrated by video-microscopic exper-
iment using a fluorescent actin filament connected to the y subunit
as a marker of its orientation®. Hydrolysis of ATP led to rotation of
the y subunit in 120° steps. Recently, resolution of substeps'®!! has
shown that the binding event of ATP at a relative y-subunit position
of 0° (or 120° and 240°, respectively) and the catalytic processes
of ATP hydrolysis and product release at a relative y-subunit posi-
tion between 80° and 90° are associated with different angular

orientations of the y subunit. The direction of rotation was counter-
clockwise when viewed from F, to F, (Fig. 1b). Actin-filament
attachment has also been used to show rotation of the ¢ subunits of
F, using immobilized complexes'?!3; and by a single-fluorophore
polarization experiment!#. ‘Molecular dynamics’ simulations of the
direction of ATP synthesis showed induced conformational changes
within F; when an external rotary force was applied to the
y subunit!>16,

However, up to now the rotation of the central y subunit during
proton-powered ATP synthesis could only be demonstrated indi-
rectly!”. The following questions must be investigated: (i) can we
observe a rotation of the y subunit coupled to proton translocation
during ATP synthesis, that is distinguishable from an oscillation
mode between only two positions for the y subunit? (ii) Is the direc-
tion of rotation during ATP synthesis opposite or identical to that
during ATP hydrolysis; that is, is this enzyme a bidirectional or uni-
directional motor? (iii) Is the movement of the y subunit during pro-
ton translocation continuous or stepwise? Because consecutive
conformational motions in protein machines are stochastic and thus
can hardly be synchronized, the subunit movements in FyF -ATP
synthase must be studied at the single-molecule level. Here we pre-
sent the use of intramolecular single-molecule FRET to observe the
rotary movement of the y subunit during proton-powered ATP syn-
thesis by single FF,-ATP synthase. The FRET donor was attached at
the rotating Y subunit and the FRET acceptor crosslinked the non-
rotating b-subunit dimer. During catalysis, fluctuating FRET effi-
ciencies indicate the relative movement of the labels because their
distances sequentially interchange as a result of the rotation of the
Y subunit.
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Reconstituted FyF,-ATP synthase with FRET labels

To study intersubunit rotation of the membrane-bound FyF-ATP
synthase (referred to as FyF; below) from E. coli under conditions of
ATP synthesis and hydrolysis, the following prerequisites must be
met: (i) preparation of the fully functional holoenzyme FF, in a
quasi-native environment without additional immobilization;
(ii) generation of a proton gradient across the lipid membrane;
(iii) attachment of reporters for rotation that are small enough to
allow undisturbed subunit movement during catalysis. We met these
requirements by incorporating FyF, into a liposome and by specifi-
cally labeling the b-subunit dimer and the y subunit with two
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c Figure 1 Model of FoF; from E. coli (see

Methods). (a) Side view. The FRET donor is
bound to the y subunit (green circle), the FRET
acceptor Cybbis to the b subunits (red circle).
‘Rotor’ subunits are blue, ‘stator’ subunits are
orange. (b) Cross-section at the fluorophore level,
viewed from Fg. Cybbis (red) crosslinks the b
subunits. Donor position 1 (green) of cysteine
y-T106C is farthest away from b-Q64C. Rotation
of the y subunit by 120° and 240° results in
donor positions 2 and 3, respectively. (c) Photon
bursts are observed when a freely diffusing single
liposome with a single FRET-labeled FoFy
traverses the confocal detection volume
(yellowish) within the laser focus (green).

different fluorophores suitable for single-molecule FRET. To exclude
specific photophysical effects of the dyes, we used two alternative
FRET donor fluorophores, either tetramethylrhodamine-maleimide
(TMR) or rhodaminel10-maleimide (Rh110) bound to the y sub-
unit at residue 106 (Fig. 1a,b). The FRET acceptor, the bifunctional
cyanine-5-bismaleimide (Cy5bis), crosslinked the two cysteines at
position 64 in the b-subunit dimer of F(F,, avoiding ambiguity in the
location of the dye!®.

To avoid any perturbations from surfaces, the labeled holoenzyme
was investigated in freely diffusing liposomes that proved to be fully
functional. The catalytic rates of these double-labeled enzymes were
vg = (23 £ 3) s7! for ATP synthesis and vy = (67 = 6) s! for ATP
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Figure 2 Photon bursts from single FoF-ATP synthases in liposomes. (a,b) Photon bursts during ATP hydrolysis. (c,d) Photon bursts during ATP synthesis.
FRET donor is TMR inaand ¢, Rh110 in b and d; FRET acceptor is Cybbis in all traces. Fluorescence intensity traces of the donor, Fp, and acceptor, F,, are
green and red, respectively, in a and ¢ (time window 1 ms). Corrected intensity ratios Fp / F, are orange in all panels (time window 1 ms), and fluorescence
lifetimes of the donor Rh110 are green in b and d (total time window 5 ms, shifted by 2.5 ms per data point). Three distinct FRET levels are attributed (1, 2
or 3) at top of panels. Black horizontal lines indicate the mean FRET levels from the distributions in Figure 4 (additional traces are shown in Supplementary

Fig. 2 online).
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Figure 3 Photon bursts from single liposomes with one double-labeled FqF;-
ATP synthase in the presence of 1 mM AMPPNP. Fluorescence intensity
traces of donor (TMR), Fp, are green, those for the acceptor (Cy5bis), Fp,
red. The corrected intensity ratios Fp / Fj are orange (top), showing a
constant level within one photon burst. (a—c) The enzyme is trapped in level
1 (a), level 2 (b) or level 3 (c).
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hydrolysis, both of which are similar to those of the unlabeled FyF-
ATP synthase!®?°, Upon addition of 40 UM of the inhibitor N,N'-
dicyclohexylcarbodiimide (DCCD), ATP synthesis was reduced to
vg = (4 £ 3) s7! and ATP hydrolysis to vy = (2 * 2) s7!, confirming
that catalysis was coupled to proton transport?!?2,

Stepwise y-subunit rotation during ATP hydrolysis

First, we analyzed rotary movements during ATP hydrolysis in the
presence of 1 mM ATP. Using intramolecular single-molecule
FRET!#2324 and single-molecule multiparameter fluorescence detec-
tion?3, we obtained quantitative fluorescence information (intensity,
lifetime and anisotropy in two spectral regions) from the attached
reporters at high time resolution. Single FRET-labeled enzymes
incorporated into liposomes were detected by their fluorescence pho-
ton bursts while traversing the confocal detection volume (Fig. 1c).
Figure 2a shows a long-lasting photon burst with large fluctuations of
the fluorescence intensities of donor, Fp (green) and acceptor, F,
(red). The ratio of corrected fluorescence intensities Fp, / F, was cal-
culated (Fig. 2) to correlate these fluctuations with changes in the
intramolecular FRET efficiency; that is, with distance changes
between the two fluorophores. For the observed photon bursts, we
found three different constant levels of Fp, / F (levels 1, 2 and 3) cor-
responding to three distinct distances between the labels at the yand b
subunits. These FRET states interchanged in sudden jumps among
the levels, with a transition time faster than the time resolution
(binning time 1 ms). The burst in Figure 2a shows a sequence of four
steps of the Fp, / F, levels.

In addition, time traces of the fluorescence lifetime of the donor
in the presence of the acceptor, Tpy ), were simultaneously measured
(Fig. 2b). Each Fp, / F, level corresponded to a well-defined Tp4):
high FRET efficiencies (level 3, short distance) were characterized
by a short Tp,), medium FRET efficiencies (level 2, medium
distance) by a larger Tp(,), and low FRET efficiencies (level 1, long
distance) by high ratios of Fp, / F, and a long Tp(4). The coincident
steps in the levels of F}, / F5 and Tpy(4) proved that these jumps were

caused by changes in FRET efficiencies and not by temporary pho-
tophysical effects?> of the reporter dyes. FRET levels changed within
a single photon burst during ATP hydrolysis in the order
1-3-2-1 (Fig. 2a) and 2-1-3 (Fig. 2b), respectively. By
analyzing 222 traces of single FyF,-ATP synthases with two or more
FRET levels, the predominant sequence of level transitions was
found to be 1 -3 -2~ 1- ... and so forth for >72% of the bursts.
We conclude that during ATP hydrolysis at high ATP concentrations
this interconversion of well-defined FRET levels clearly indicates a
three-step rotary movement of the y subunit in membrane-
integrated FyF-ATP synthase.

The fact that not all bursts exhibited the same sequence is due to
the fast kinetics of ATP hydrolysis. In our analysis, only levels with
duration of at least 5 ms were considered separate levels. From the
average ATP turnover time and assuming an exponential distribu-
tion of the F, / F, level durations, we calculated a probability of
77% for levels that last for 5 ms or longer and thus are recognized as
distinct levels during ATP hydrolysis. Therefore, apparently ‘wrong’
sequences were observed because short F, / F, levels were some-
times missed.

Stepwise y-subunit rotation during ATP synthesis

To monitor subunit movements during ATP synthesis, we generated
a transmembrane pH difference (ApH) plus an additional electric
potential difference (A@) across the liposome membrane!®2% imme-
diately before fluorescence measurements. In Figure 2¢,d, typical
photon bursts of TMR/Cy5bis- and Rh110/Cy5bis-labeled ATP syn-
thases are shown (for additional traces see Supplementary Fig. 2¢,d
online). Three distinct FRET levels were identified within these
photon bursts, characterized by constant Fp, / F5 and T, levels,
which interchange in coincident jumps to the next level. After mix-
ing the two buffers in the microscopic flow chamber, ApH and A@
with initial maximum values dissipated within 3—5 min, partly used
by FF,- ATP synthase for ATP synthesis and parly lost in a distinct
process by proton leakage across the lipid membrane. Therefore,
fluctuating FRET efficiencies within the photon bursts of liposome-
embedded ATP synthase were observable only for the first few min-
utes. Several minutes after mixing, FRET states of F(F, remained
constant within the bursts. Rarely, oscillations between two FRET
states were detected.
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Figure 4 Histograms of the fluorescence intensity ratios Fp/ Fp of single
FRET-labeled FoF;. Top, most probable donor-acceptor distances, R'pa

(see Methods). (a) During ATP hydrolysis (1 mM ATP), 48 photon bursts
with three or more steps (that is, 207 FRET level altogether) were analyzed.
(b) Binding of AMPPNP (1 mM) with data from 185 photon bursts.

(c) During ATP synthesis (100 uM ADP, 5 mM phosphate, initial ApH = 4.1),
32 photon bursts containing three or more steps (that is, 129 FRET level
altogether) were analyzed.

In contrast to ATP hydrolysis, the order of level transitions was
reversed for both pairs of FRET fluorophores. The observed sequences
are 3-1-2-3 (Fig. 2c) and 1-2-3-1 (Fig. 2d), respectively.
Repeating Fp/Fy and Tpy ) sequences in the direction 1 -2 -3 -1 ...
were found for >83% of 188 analyzed bursts with two or more FRET
levels. As the sequence of FRET levels is reversed, we conclude that the
direction of Yy rotation during ATP synthesis is opposite compared
with that during ATP hydrolysis.

Three AMPPNP-trapped y-subunit orientations

The existence of three distinct FRET levels was corroborated by an
independent experiment. Upon addition of nonhydrolyzable
adenosine-5'-(B,y-imido)triphosphate (AMPPNP) the enzyme was

expected to be trapped in one of three different orientations of the y
subunit with respect to the b subunits. In this case, the traces of single-
particle events showed Fp, / F, levels that remained constant through-
out each burst. The observation of three distinct FRET efficiencies
upon addition of AMPPNP supports the proper discrimination of the
anticipated y-subunit orientations (Fig. 3a—c).

Level histograms of the three FRET states

The statistical significance of the individual traces of FjF, was evalu-
ated by the analysis of the FRET level histograms of ATP synthases
during catalysis and AMPPNP binding (Fig. 4). We selected 48 photon
bursts from single FF, with three or more FRET levels during ATP
hydrolysis. In the histogram of Fp, / F, levels (Fig. 4a), three peaks are
clearly separated. In Figure 4b, the F, / F, level histogram in the
presence of AMPPNP is shown. Three Fy, / F, levels are found also,
with the center of the distribution of each level similar to those
observed during ATP hydrolysis. At millimolar concentrations, ATP
binds rapidly to the free nucleotide-binding site and the rate-limiting
step is expected to be the release of ADP. The resting positions of the
enzyme should therefore be the same as those after binding of
AMPPNP, resulting in almost identical maxima of the F, / F, level
histograms in the presence of ATP or AMPPNP.

The histogram of Fp, / F, levels, obtained from of 32 photon bursts
during ATP synthesis (Fig. 4c), shows again three subpopulations.
When Fj, / F, level distributions are fitted with three Gaussians, the
centers of the distributions are almost identical to those for ATP
hydrolysis and AMPPNP binding. In the case of ATP synthesis, the
maxima of the distribution were similar; however, the distributions
were significantly broadened.

Dwell times of the FRET states during catalysis

The durations of the different Fy, / F, levels during ATP hydrolysis and
ATP synthesis were considered as dwell times of conformational states.
A monoexponential fit to the level durations during ATP hydrolysis
resulted in an average dwell time of 19 ms (Fig. 5a). This value agrees
well with a turnover time of 15 ms for the hydrolysis of one ATP
obtained from bulk experiments. For ATP synthesis, a monoexponen-
tial fit to the level durations yielded an average dwell time of 51 ms
(Fig. 5b), in accordance with a turnover time of 43 ms for the synthesis
of one ATP calculated from the initial rates in bulk experiments. This
comparison indicates that the duration of the FRET states is directly
correlated with the catalytic event.

Fluorophore distances and y-subunit orientations
Single-molecule FRET data revealed additional structural informa-
tion. From the homology model of FyF; (Fig. 1), the largest distance
between the Ca atoms of the amino acids b-Q64C and y-T106C was
estimated to be 73 A. Rotation of the y subunit by 120° and 240°
resulted in two shorter distances in the range of 40-60 A. According to
the Forster theory of FRET?227, two effects can influence Fpy | Fp levels,
donor-acceptor distances and orientations in transition dipole
moments (factor K2) of the donor relative to the acceptor dye. We cal-
culated apparent donor-acceptor distances, R’p, from the measured
fluorescence parameters. These apparent distances of 52, 65 and 80 A
(Fig. 4), representing mean values during catalysis and AMPPNP
binding for the three FRET states within the enzyme, agree with esti-
mates obtained from the model.

DISCUSSION
We applied an intramolecular single-molecule FRET approach to show
subunit rotation in the liposome-reconstituted holoenzyme F,F,-ATP
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synthase powered by proton flow. Here, one fluorophore was attached
to the rotating y subunit of F; and the other to the static, nonrotating
b-subunit dimer of F,. We achieved high-specificity labeling by sepa-
rately labeling cysteines in F; and F, and subsequently reassembling
and reconstituting the enzyme into liposomes. The FRET efficiency
depends on the distance between the two fluorophores. Therefore,
FRET efficiency changes between the two fluorophores at a single ATP
synthase are expected to describe trajectories of the relative motion of
the two labeled subunits during catalysis.

Upon addition of AMPPNP as a nonhydrolyzable substrate for the
enzyme, we find three well-defined and distinct FRET levels and con-
clude that these levels correspond to three distances of the labeled
residue 106 at a protruding part (‘off-axis position’) of the y subunit
with respect to the b subunits. The calculated ratio of corrected fluo-
rescence intensities F, / F, between FRET donor and acceptor in the
photon bursts of a single ATP synthase is independent of intensity
fluctuations of the double-labeled enzyme on its transit pathway
through the confocal detection volume. In addition to this intensity
ratio, each FRET level is defined by a specific FRET donor fluores-
cence lifetime T(pa), and therefore, other photophysical causes
effecting the quantum vyields of the FRET fluorophores are unlikely.
These stable FRET levels during a photon burst indicate the trapping
of the y subunit by AMPPNP in one of three distinguishable orienta-
tions. The three intramolecular distances calculated from the FRET
efficiencies of these levels are in good agreement with the distances
derived from our model of FyF;-ATP synthase and the expected posi-
tions of the y subunit.

FRET-labeled ATP synthase in a freely diffusing liposome carries
out proton transport-coupled ATP synthesis and hydrolysis almost
undisturbed during real-time observation. The dwell times of the
FRET levels correspond to the bulk rates of catalysis, during ATP
hydrolysis as well as ATP synthesis, thereby independently excluding
photophysical causes for interchanging FRET levels.

Given this direct correlation between FRET level and y-subunit ori-
entation, y-subunit rotation in FyF;-ATP synthase occurs stepwise in
both modes of catalysis and the direction of rotation during ATP syn-
thesis is reversed compared with that during ATP hydrolysis. Using the
actin-filament method, the rotation direction of the y subunit in F,
subcomplexes during ATP hydrolysis has been determined to be coun-
terclockwise when viewed from F (ref. 9). Therefore we attribute the
FRET level sequence 1 -3 -2 — 1 ... observed during ATP hydrolysis
to the counterclockwise direction of rotation of the ysubunit (Fig. 1b).
Stepwise rotation of the y subunit during ATP hydrolysis has been dis-
cussed for F;-ATPase!®!128 and for FF,-ATP synthase'® earlier and is
confirmed here. In the present work, proton-driven ATP synthesis is
also accompanied by a three-step rotary movement of the y subunit
and not by a quasi-continuous rotation, which might have been
expected from the stoichiometry of at least nine translocated protons
per 360° revolution and from the multistep rotational motion of the
c subunits of F; during ATP synthesis. These distinct distances
between the FRET fluorophores remain constant throughout the dwell
time of one y-subunit orientation, before a consecutive 120° rotary
movement of the y subunit takes place, as has been shown unequivo-
cally with immobilized F; subcomplexes for the case of ATP hydrolysis
at millimolar concentrations'?. The mean stopping positions of the
Y subunit upon ATP synthesis are similar to those observed in the
AMPPNP-trapped states and those during ATP hydrolysis at milli-
molar ATP concentrations.

As anticipated in molecular dynamics simulations!>!® and derived
from theoretical considerations of microscopic reversibility, a reversed
rotary motion of the y subunit during ATP synthesis was predicted,
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Figure 5 Level duration distributions of FRET states. (a,b) Distributions
during ATP hydrolysis (a) and ATP synthesis (b). Fits with monoexponential
decay functions yield mean dwell times of 19 ms upon ATP hydrolysis and
51 ms upon ATP synthesis.

and is now strongly supported by our experiments. The rotary subunit
movement is indicated by repeating sequences of three FRET levels,
which are induced by distance changes between the FRET pair. In most
cases, a consecutive order of the three y-subunit orientations was
observed, and in an opposite direction during ATP synthesis from that
during ATP hydrolysis. Thus, unidirectional rotary motion of the y
subunit during both modes of catalysis seems very improbable. Any
two-state model, including contracting-and-stretching modes of the y
subunit or back-and-forth swiveling modes between only two of the
three catalytic sites, are not consistent with the repeating sequences of
three FRET levels. Oscillations between two FRET states were rarely
observed and can be attributed either to omitted levels or to an equi-
librium state between a weak proton-motive force competing with the
ATP hydrolysis backreaction.

The significant broadening of the three FRET levels during ATP syn-
thesis allows us to predict the occurrence of substeps comparable to
those observed in F; subcomplexes during ATP hydrolysis. As first
hints and as rare events we identified more than three FRET levels
(substeps) in some photon bursts of FyF; during ATP synthesis. The
origin of these substeps remains to be clarified. In principle, a hypo-
thetical ADP-(plus P;)-waiting state of the enzyme at one angular posi-
tion of the y subunit and a conformational state associated with the
catalytic reaction or product release at another angular position can be
discriminated by the dependence of substrate concentration.
Detecting one ATP synthase in freely diffusing liposomes, as has been
shown in this work, limits the observation time to several hundred
milliseconds. Therefore, concentration dependencies must be studied
by a modified approach, for instance with surface-immobilized lipo-
somes using a streptavidin-biotin multilayer. Monitoring single
enzymes at work under kinetic control in both directions of catalysis
will reveal insights into the mechanism of the ‘rotary nanomachine’
F(F,-ATP synthase.

METHODS

FRET-labeled FF,-ATP synthase from E. coli. F, of ATP synthase of E. coli car-
rying the cysteine mutation y-T106C was prepared as described?® using the
plasmid pRA144 (ref. 30) expressed in strain RA1 (ref. 31). Specific substoi-
chiometric labeling of the y subunit was achieved with tetramethylrhodamine-
maleimide (TMR, Molecular Probes) or Rhodaminel10-maleimide (Rh110,
Evotec) with labeling efficiencies between 50 and 60% (refs. 18,32). F; with

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 11

NUMBER 2 FEBRUARY 2004

139



@ © 2004 Nature Publishing Group  http://www.nature.com/natstructmolbiol

ARTICLES

Y-T106C contains several buried cysteines®>. However, at the given reaction
conditions only y-T106C is labeled>33, as checked by fluorograms after SDS-
PAGE. F(F,-ATP synthases of E. coli carrying the cysteine mutation b-Q64C
were prepared separately!® using the plasmid pRR76 (ref. 18) expressed in
strain RA1. The cysteines of the b subunits were crosslinked with the cyanine
dye Cy5-bis-Cs-maleimide synthesized from (5-maleimidyl)-pentyl-1-amine
and Cy5-bis-N-hydroxysuccinimidylester (bisreactive Cy5 NHS-ester obtained
from Amersham Biosciences). Cy5-labeling efficiency of the b-subunit dimer
was 64% with a yield of crosslinking of [00%. The a and ¢ subunits of F, were
not labeled as checked by fluorograms after SDS-PAGE. Cy5-labeled F(F; was
reconstituted into liposomes (diameter (1100 nm), F; was removed and Cy5-
labeled F,, was reassembled with TMR- or Rh110-labeled F; to yield the FRET-
labeled FyF,-ATP synthase in liposomes, as described!®. ATP synthesis rates
were measured!>?" at 23 °C, yielding vg = 59 * 1 s7! for the nonlabeled b-
mutant Fy-b64-F;, v =48 £ 3 57! for the labeled F,-b64-Cy5-F, vg=24 £ 2 57!
for the reassembled TMR-labeled F-b64—F,-y106-TMR and vg = 23 + 3 57! for
the FRET-labeled F-b64-Cy5-F,-y106-TMR. ATP hydrolysis rates at 23 °C
were vy = 186 + 12 s7! for Fy-b64-Fy, vy = 108 + 24 57! for F;-b64-Cy5-F, and
vg = 67 + 6 s7! for the reassembled and FRET-labeled F,-b64-Cy5-F,-y106-
TMR. Reassembly causes slower rates!®2L. All hydrolysis rates were inhibited by
40 uM DCCD to remaining activities of 6  4%.

Single-molecule FRET measurements. Single-molecule FRET measurements
were carried out as described'® using continuous wave-excitation at 532 nm
for TMR and pulsed excitation at 496 nm for Rh110. Confocal detection vol-
umes of 6.8 fl for TMR/Cy5bis and 2.5 fl for Rh110/Cy5bis were used. Mean
diffusion times through the confocal volume of 10-30 ms for the labeled F\F,
in liposomes were determined by fluorescence correlation spectroscopy.
Single-molecule fluorescence measurements under conditions of ATP hydro-
lysis (1 mM ATP) and AMPNP binding (1 mM AMPPNP) were carried out in
a buffer (pH 8) containing 20 mM succinic acid, 20 mM tricine, 2.5 mM
MgCl,, 80 mM NaCl and 0.6 mM KCI. ATP synthesis was measured after
preincubation of the liposomes in 20 mM succinic acid buffer, pH 4.7, con-
taining 5 mM NaH,PO,, 0.6 mM KOH, 2.5 mM MgCl,, 100 uM ADP, 20 pM
valinomycin. The transmembrane ApH was generated by mixing the acidic
liposomes with the basic buffer containing 200 mM tricine, pH 8.8, 5 mM
NaH,PO,, 160 mM KOH, 2.5 mM MgCl, and 100 pM ADP in a T-shaped flow
chamber with two syringes. This generated an initial transmembrane pH
difference ApH = 4.1 with an additional electric potential difference
A@= 126 mV (refs. 19,20). All samples of the double-labeled FyF, were diluted
to a final concentration of [P0 pM.

F(F, identification in photon bursts. Background count rates (usually between
0.5 and 2 kHz), obtained in each experiment from measurements of buffer
solutions without labeled enzymes, were subtracted from the burst count rates.
In addition, crosstalk (photons from the donor in the detection channel of the
acceptor) and differences in the detection efficiencies of the donor and acceptor
channels of the instrument were corrected, resulting in corrected fluorescence
intensities for donor (Fp) and acceptor (F,). A photon burst was considered
‘significant’ when the sum of photon counts in the donor and acceptor channel
was >15 counts per ms. To eliminate events of remaining donor-labeled F, that
were not bound to F; in liposomes, we excluded photon bursts with a
duration <45 ms and, when Rh110 was used, with a donor anisotropy <0.12
(see Supplementary Fig. 1 online).

Calculation of intramolecular FRET distances. The reduced Forster radii®®
Ry, = 9,780 (J (N) K> n~*)1/¢ for the FRET pairs TMR/Cy5bis and Rh110/Cy5bis
were calculated using n = 1.33 for the index of refraction and k? = 2/3. The
spectral overlap (J) was determined from the respective donor emission and
acceptor absorption spectra resulting in Ry, = 76 A for TMR/Cy5bis and 55.5 A
for Rh110/Cy5bis. Anisotropies of donor and acceptor were 0.2. Even in this
case, it is still sufficient to assume K2 = 2/3, because our estimate for k2 lies well
in the range of possible K values assuming the case of linear and planar (due
to rotation) transition moments of donor and acceptor?’. Based on these
assumptions, it is appropriate to calculate apparent donor-acceptor distances,
R’p, from the measured fluorescence parameters using R'py = Ry, [Py
(Fp | Ey)]Ye.

The apparent distances between donor and acceptor dyes were calculated
from the maxima of the Gaussian distributions of Fy, / F, for the different lev-
els. The effective acceptor fluorescence quantum yield in single-molecule
experiments was @ = 0.32 for Cy5bis?. These distances are compared with
geometrically estimated values from a model of FjF,. Therefore, homology
alignment®* of structures of the (03B5y) subcomplex from the mitochondrial
enzyme, §, € plus y and c subunits from X-ray>*> and NMR3®37 analyses were
combined with postulated structures of the c,,-ring® and a and b subunits®® for
an overview of intramolecular distances within FyF;-ATP synthase.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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Figure 1: Two-dimensional histogram of photon burst duration (i.e. diffusion time through the confocal detection volume) versus
anisotropy rp of the donor fluorophore (rhodamine 110) attached to the y-subunit of F,F,-ATP synthase during ATP hydrolysis. The
events resulting from the FRET-labeled holoenzyme incorporated in a liposome can be distinguished from unbound dye and remaining
donor labeled F; parts (not bound to Fy) by their high ry. The probability to observe a transition between two FRET levels within a
photon burst depends on the duration of the event. Therefore, only photon bursts within the red shaded area are considered for further

analysis (i.e. 382 bursts of 2127 bursts with ry > 0.12).
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Figure I1: Photon bursts of single FRET-labeled FjF,-ATP synthases in liposomes during ATP hydrolysis (a, b), and during ATP synthesis (c, d).
FRET donor is TMR, FRET acceptor is Cy5bis in all traces. Corrected fluorescence intensity traces of the donor, Fp, and acceptor, F,, are shown in
green and red, respectively, corrected intensity ratios Fy/F, are depicted in orange with a time window of 1 ms. Three distinct FRET levels are
attributed (1, 2 or 3) at the top of the figures. Black horizontal lines indicate the mean FRET levels taken from the histrogram, vertical lines mark
beginning and end of a level. In trace (b), the enzyme exhibits short dwell times for a FRET level, i.e. fast ATP turnover is depicted. In trace (d),

photophysical fluorophore blinking after 340 ms interrupts the detection of FRET states for approximately 100 ms before ongoing ATP synthesis is
demonstrated by interchanging FRET levels.



