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ABSTRACT

F,F-ATP synthases catalyze the ATP formation from ADP and phosphate in the membranes of mitochondria,
chloroplasts and bacteria. Internal rotation of subunits couples the chemical reaction at the F; part to the proton
translocation through the F, part. In these enzymes, the membrane-embedded a-subunit is part of the non-rotating 'stator’
subunits and provides the proton channel of the F, motor. At present, the relative position of the a-subunit is not known.
We examined the rotary movements of the &-subunit with respect to the non-rotating a-subunit by time resolved single-
molecule fluorescence resonance energy transfer (FRET) using a novel pulsed laser diode. Rotation of the &-subunit
during ATP hydrolysis was divided into three major steps. The stopping positions of ¢ resulted in three distinct FRET
efficiency levels and FRET donor lifetimes. From these FRET efficiencies the position of the FRET donor at the a-
subunit was calculated. Different populations of the three resting positions of & which were observed previously,
enabled us to scrutinize the models for the position of the a-subunit in the F, part.
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INTRODUCTION

F,F-ATP synthases are the membrane-embedded enzymes in mitochondria, chloroplasts and bacteria that supply the
cells with the 'universal chemical energy currency' adenosine triphosphate, ATP. These multi subunit enzymes have a
bipartite structure. Catalysis of ATP formation from ADP and phosphate is driven by an electrochemical potential
difference of ions across the plasma membrane, for instance by a difference in proton concentration in case of the
bacterium Escherichia coli. A rotary movement of the proton turbine-like ring of c-subunits of the F, portion in the
membrane is transduced to a three-stepped rotation of the central y- and &-subunit of the F, portion, and this induces the
conformational changes of the binding sites in the F, part of the enzyme that catalyze the chemical reaction .

The overall structure of the F,F;-ATP synthase has been visualized by electron microscopy *°. Single particle analysis
and three-dimensional image reconstruction revealed two connections between the F; head piece outside the membrane
and the F, part as the foot piece embedded in the membrane. The central stalk of the E. coli enzyme consists of the
subunits yand ¢, the peripheral connection is constituted by the b-subunit dimer. Structural details of F,F,-ATP synthase
at atomic resolution cover the F; part with the subunits a0 °. Additional structural information was gathered using
NMR spectroscopy and X-ray crystallography of isolated subunits.
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The F, part has a subunit composition ab,c, with n ranging from 10 to 15 depending on the organism. The structure of
the ¢;,-ring from the Na'-driven enzyme of Ilyobacter tartaricus has been solved recently at 2.4 A resolution ’. The
adjacent a-subunit consists of five transmembrane helices and is thought to exhibit the transport channels for the ions or
protons to the binding site on the c-subunit, but structural details of subunit @ are not yet available ®. Information for the
N-terminal parts of the b-subunits connecting the membrane portion with the F; headpiece was obtained by NMR, and
the dimerization domain of the h-subunits has been crystallized. Taking this information together, a model for the E. coli
enzyme can be derived and compared to the three-dimensional images of the enzyme obtained from electron
microscopy.

However, the relative position of the a-subunit in the membrane with respect to the b-subunits remains unclear. Because
the a-subunit is hydrophobic and mostly embedded in the lipid membrane, the detergent used to solubilize the F F;-ATP
synthase for electron microscopy imaging is still attached to the hydrophobic protein surfaces and hides the position of
the a-subunit. In fact, the size of the c-ring as seen in the electron micrographs appears to be significantly larger than the
5 nm diameter found in the crystal structure *. To identify the position of the proton-conducting a-subunit of F,, and to
discriminate between a symmetric arrangement between the two b-subunits or an asymmetric arrangement on one side
of the b-subunits, we employed a triangulation approach using a set of intramolecular distance measurements within a
single ATP synthase.

We use Forster-type resonance energy transfer (FRET) as an appropriate method for distance measurements in the range
of 2 to 8 nm °. It is based on non-radiative energy transfer between two fluorophores with a strong distance dependence
1. Despite the general applicability, problems of ensemble averaging limit the FRET approach. The labeling degree for
site-specific attachment of reactive fluorophores to the different amino acids is not 100 percent and, as a result, the
labeled protein ensemble contains always more than one fluorescent species that are difficult to separate. Multiple
conformations of a protein and conformational fluctuations during the measurement time require a resolution of more
than one distance simultancously. To overcome these limitations, a structure determination approach has been
developed that is based on analyzing only a single molecule at a given time interval. Single-molecule FRET
measurements have been introduced about one decade ago and the method has matured to a standard fluorescence
technique in many laboratories. Here we report on time resolved single-molecule FRET experiments and describe the
recent progress we made towards a non-biased intramolecular distance determination.

METHODOLOGY

1. Preparation of the single FRET-labeled F,F,-ATP synthase in a single liposome

1.1. EGFP as the FRET donor fused to the a-subunit of F,

We have permanently fused a fluorescent probe to the a-subunit of the F, part of ATP synthase from Escherichia coli.
The fusion with 'enhanced Green Fluorescent Protein', EGFP (Clontech) was genetically introduced to the C-terminus of
the a-subunit with a spacer of four additional amino acids (details will be given elsewhere). EGFP was the FRET donor
fluorophore in the single-molecule experiments. The E. coli cells grow at similar rates compared to the non-mutated
bacterial strain. In confocal laser scanning images, only the membranes of the E. coli cells were fluorescent while the
cytoplasm appeared dark. The F,F,-ATP synthases were isolated from the membranes as described ''. The purified
enzymes were reconstituted substoichiometrically into pre-formed lipid vesicles, liposomes, of approximately 100 nm in
diameter '? to yield not more than a single F,F; per liposome.

1.2. Alexa-568 as the FRET acceptor bound to the gsubunit of F,

The FRET acceptor was covalently bound to a cysteine residue in the g&subunit of the F; part. This cysteine has been
used for recent single-molecule FRET experiments . The amino acid position 56 of the &-subunit for introducing this
cystein mutation was chosen for two reasons. At first, it is located on the surface of the subunit to be accessible for the
chemical reaction with the Alexa-568-maleimide. In the ATP synthase used for labeling, other cysteine residues were
present, and, therefore, a specific labeling of €56 was achievable for this buffer-exposed cysteine when it was reacted
with maleimides within 4 minutes incubation time at 4° C. Secondly, the position of €56 was chosen as an optimized 'off
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axis position', that is, located far away from the assumed axis of rotation for the central stalk of subunits y and ¢ of the
F, portion. The 'off axis position' of £56 ensured maximum distance changes to the EGFP at the static a-subunit during
rotation of the &-subunit under catalytic conditions. Accordingly, the transient changes in FRET efficiency between the
fluorophores at the a-subunit and the &-subunit were expected to be as large as possible.

1.3. Reassembling labeled F, and F, to yield a single functional F,F,-ATP synthase in a single liposome

After separate labeling of the F, part and the F, part, a fully functional enzyme is obtained by the established
reassembling procedures '"'?. The F,F,-ATP synthase with the EGFP fusion to the a-subunit was embedded into
liposomes and Mg”" ions were removed by buffer exchange. The Mg*" concentration in the buffer was further reduced
by complexation with EDTA. This caused the F; parts to dissociate from the F, parts. As the F, parts remained in the
liposomes, they can be separated by ultracentrifugation steps. In the next step, the fluorescently labeled F; parts were
added to the F,, and reassembling occurred in the presence of Mg*". The binding constant for F, to F, in the presence of
Mg?®" has been determined by this procedure in a FRET titration experiment using single-molecule counting . After the
reassembling, the functionality of the F,F;-ATP synthase in liposomes was probed by measuring the catalytic rates for
ATP hydrolysis and ATP synthesis.

2. Confocal Setup for single-molecule FRET measurements

The single-molecule FRET experiments were done in a confocal microscope of local design based on a Olympus 1X71
inverted microscope stage as described '*. Briefly, for continuous-wave experiments excitation at 488 nm was provided
by a fiber-coupled argon ion laser (Model 2020, Spectra Physics). The respective laser beam was expanded to
approximately 3 mm diameter and coupled into a water immersion objective (UAPO 340, N.A. 1.15, Olympus) in epi-
fluorescence configuration. Therefore, a dichroic beamsplitter (c488RDC, AHF Tiibingen, Germany) was used. The
laser focus was placed into 30-50 ul droplets of buffer containing the ATP synthase and approximately 100 um away
from the surface of the glass cover slide. Fluorescence was collected after passing the beamsplitter and the 100 um
pinhole, and divided into two spectral ranges, one for the EGFP as the FRET donor, and the second for the Alexa-568
fluorophore as the FRET acceptor. EGFP fluorescence was detected by a single photon counting avalanche photodiode
(SPCM-AQR 14, Perkin Elmer) between 498 nm and 567 nm (interference filter HQ532/70, AHF Tiibingen). Alexa-
568 fluorescence was detected after passing the dichroic mirror HQ 575 and a longpass filter LP 595 HQ (AHF
Tiibingen) by an avalanche photodiode SPCM-AQR 14 (Perkin Elmer). The third detection channel was not in use in
these experiments. Signals were counted by a TCSPC card (SPC 630, Becker&Hickl, Berlin, Germany) with an 8-
channel router electronics. For cw-excitation, a 44.9 MHz TTL sync signal was generated and inverted by a passive
converter SIA 300 (Picoquant, Berlin, Germany) to trigger the TCSPC card.

2.1. Pulsed excitation of the FRET donor at 490 nm with the PicoTA 490 laser

The lifetime measurements of a single EGFP required pulsed excitation with ps pulse lengths. An novel amplified and
frequency-doubled diode laser PicoTA 490 kindly provided from Picoquant, Berlin, Germany. This laser delivers 60 ps
pulses at 490 nm with up to 80 MHz repetition rate which perfectly matches the excitation conditions for EGFP with its
short fluorescence lifetime of 2.8 ns. The mean power of the laser was 2.8 mW and the laser intensity and beam position
remained stable for 48 h. The TTL synchronization output of the diode driver unit was converted with a LTT 100
adaptor (Picoquant) and fed into the TCSPC card. With the possibility of external synchronization using TTL pulses
with up to 80 MHz repetition, the PicoTA 490 is an ideal laser system for advanced single-molecule FRET experiments
using pulsed interleaved excitation. To achieve a perfect circular beam profile, the laser should be passed though a fiber.
In our experiments, a slightly elliptic beam was tolerated as we were using a large confocal excitation and detection
volume to achieve long observation times for the freely diffusing liposomes in buffer. The laser pulses were coupled
into the confocal microscope using the filters mentioned above.

2.2. Probing the FRET acceptor at 561 nm with the Cobolt Jive laser

We investigated the photophysics of the FRET acceptor Alexa-568 in an independent experiment using the Cobolt Jive
as a highly-stabilized solid state laser system (kindly provided by Cobolt, Sweden) which emits at 561 nm with up to 30
mW cw power. The laser beam was coupled into the water immersion objective by a dichroic beamsplitter HQ575 in the
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epi-fluorescence filter cube of the microscope. An interference filter HQ610/75 (AHF Tiibingen) was used to detect the
Alexa-568 fluorescence and to reject scattered light and the Raman bands from water.

2.3. Data analysis with the software 'Burst-Analyzer'

The TCSPC data files are analyzed with a locally developed software 'Burst-Analyzer' that is written by Nawid Zarrabi.
In the TCSPC data, each photon count is registered with a macro time (50 ns time resolution relative to the start of the
experiment) and with a micro time (ps time resolution relative to a laser pulse or another synchronization signal with
several MHz repetition rate). The software reads the TCSPC data from all short sub-files, uses the routing information
to associate the photon counts with the different detection channels and displays the fluorescence intensity trajectories
with selectable time windows (usually 1 ms binning interval). One task of the 'Burst-Analyzer' is the identification of a
single fluorescent molecule or particle for subsequent analysis, like the FRET-labeled ATP synthase in a lipid vesicle
which appears as a photon burst in the time trajectories. To identify photon bursts showing FRET between donor and
acceptor fluorophors, the FRET efficiency Eprer = Iy / (I4 + pIp) is calculated per binning interval using the
background-corrected intensities of the acceptor channel, /,, and the donor channel, /5. A correction factor, y, accounts
for different quantum yields and detection efficiencies of the set-up. In addition, a constant cross-talk fraction from the
donor signal in the acceptor channel is substracted to compensate for the spectral overlap from the donor fluorophore
with the band filter of the acceptor channel.

In a separate window, the micro time histograms are showing the fluorescence decay curves. The lifetime calculations
from the fluorescence decays are based on a maximum likelihood estimator '° using the measured instrument response
function, IRF. When changes of the FRET efficiency within a single photon burst are found, the different FRET levels
can be analyzed by the typical properties like mean intensity, donor lifetime or donor-acceptor distance from the FRET
efficiency. In parallel, the intensity autocorrelation function for one channel (or one time window, that is, for a single
photon burst, respectively) can be calculated and displayed in order to verify the number of fluorescent molecules in the
detection volume.

2.3.1. The burst search algorithm

The software enables the definition of bursts and FRET levels, and it proposes algorithms for determining bursts and
FRET levels automatically. The burst search algorithm scans the time traces and determines the burst edges based on
threshold values: (i) the minimum intensity, /,,,, (ii) the edge intensity, /4., and (iii) dark periods of the burst, #,;. False-
positive bursts are removed by thresholds for the mean minimum intensity, </>,,;,, mean maximum intensity, </>,,,, an
a minimum burst length, <¢> ;. Briefly, the algorithm consists of four steps:

e The time bins are compared by 7,,;,. If the intensity of the time bin is higher then 7,,;,, a new burst will be created.

e The burst will be expanded in both time directions until the intensity drops below Z,g..

e To avoid incorrect separation of bursts (due to intensity decrease by diffusion to the peripheral parts of the confocal
volume or due to blinking of the fluorophore), the time bins around the edges are compared with /... Is there a
time bin in the range of #,; away from the edges with an intensity larger than / 4., then the burst will be expanded
accordingly and the algorithm goes back to step 2 to enlarge the burst further more.

o In the last step, the attributes of all identified bursts will be compared with the mean parameters </>,,;,, <I> ..., and
<t>,.,- to remove false bursts. Bursts with a too low mean intensity will be removed by </>,;, bursts caused by
multiple fluorophores in the focus or other bright vesicles will be removed by </>,,. and single fluorescent
impurities with too short diffusion time will be removed by .

2.3.2. Identification of states with constant FRET efficiency

The automatic determination of a single FRET state or of interchanging FRET levels, respectively, within one photon

burst is also realized by thresholds for the minimum intensity, 7,;, the minimum level length, ¢,;, the maximum

deviation of the mean proximity factor, dP,,,, with P =1,/ (I, + Ip), and the time interval to the next FRET level,

tadjacen- The following 5 steps are processed for each burst:

e The time trace with the proximity factor information is scanned forward. Whenever the difference between P(?))
and P(t,-1) at the time ¢, is greater than dP,,,, the end-edge of the current FRET level and the start-edge of a new
FRET level is placed at this point.

Proc. of SPIE Vol. 6092 60920H-4



e  After scanning of the current burst is completed, the created levels will be further processed: every level, which
does not exceed 1,,;, with at least one intensity value will be removed. Too dark levels with fluctuating proximity
factors are removed by this step.

e A mean proximity factor, <P>, for all remaining levels is calculated. Adjacent levels within a time distance less
than #,4j4cen and a difference in their <P> values less than dP,,,, will be combined into one level.

The time length of all remaining levels must exceed ¢,,;,, otherwise they will be removed in this step.
Step 3 is processed a second time to combine all remaining adjacent steps.

2.3.3. Automatic FRET level sequence analysis

The last part of the automatic analysis is a verifying process for the sequence of all FRET levels within their bursts. The

enzymes are sorted out that are not hydrolyzing ATP continuously, and, therefore, are not rotating unidirectionally in

one direction. The main purpose of this step is to narrow the distribution of the conformations of the active enzyme. To
check the sequence of levels within a burst, the mean proximity factors, <P>,,.,, will be compared among the levels:

e The sequence check begins with the first burst. If this burst contains less than three levels, it will be skipped and the
next bursts is loaded, until the actual burst has more than 3 levels. The first level of this burst is loaded.

e The successive two levels of the current level are loaded. The following proximity factor differences, dP;, for the
triple set of levels will be calculated: dP; = <P,> - <P;>; dP, = <P;> - <P,>;and dP; = <P;> - <P3>.

e The enzyme is moving in hydrolysis direction (in the order L—-M—H, found in previous ATP hydrolysis
experiments '®), when two of the three dP-Values are greater than minimum difference of mean proximity factors,
dP,,;,, and one is lower than 2 times of the difference -dP,,;,. Only those triples of levels will be accepted that agree
to this condition.

e Level number two will be loaded and step 2 and 3 will be processed again, until the last three levels of the burst are
checked.

However, to prove the reliability of the automatic burst analysis, we manually analyzed the time resolved single-

molecule FRET data sets in parallel.

RESULTS

3.1. Distinct FRET efficiencies in the presence of AMPPNP

ATP synthesis and ATP hydrolysis are accomplished by intramolecular rotation of the subunits yeciy in F,F-ATP
synthase. Adding an ATP derivative like AMPPNP, which binds to one of the three catalytic binding sites but cannot be
hydrolyzed, stops the rotation. Accordingly, the enzyme is trapped in one of three orientations of the yecj,-rotor
assembly. In the presence of AMPPNP, fixed orientations of the y- and the &-subunit in F,F|-ATP synthase have been
observed in the previous single-molecule FRET experiments '"'? using a rhodamine dye as the FRET donor at the
rotating subunit and Cy5 as the FRET acceptor bound to the b-subunit dimer.

As an alternative to the chemical attachment of fluorophores, we evaluated the possibility to fuse genetically an
autofluorescent protein, EGFP, to the a-subunit of ATP synthase. If protein folding is not perturbed by the short linker
between the EGFP and the subunit of the enzyme, we can expect a labeling degree of 100%. We chose Alexa-568-
maleimide as the FRET acceptor, because a high fluorescence quantum yield for the rhodamine had been reported ' and
a large spectral overlap between EGFP and Alexa-568 was expected resulting in a Forster radius of 5.3 nm according to
the supplier (Molecular Probes, Eugene, OR, USA).
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Figure 1. Photon bursts of four F,F,;-ATP synthases in the presence of AMPPNP. Each burst is characterized by EGFP
lifetime (upper panels), autocorrelation function for EGFP photons (middle panels), FRET efficiency traces (dots) and
corrected fluorescence intensities traces with 1 ms time binning (gray lines for donor, black lines for acceptor channel).
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Two independent mutants of F,F;-ATP synthases from Escherichia coli were required: one contained the EGFP fusion
the to the C-terminus of the a-subunit in the F, part, the second was the cysteine mutant in the &subunit of the F; part.
The cysteine was introduced as residue 56 in the &-subunit at a position which is located on the surface of the subunit
and is exposed to the buffer ''. At first, the F, parts with the EGFP were isolated and reconstituted in liposomes.
Secondly, we prepared the F; parts, labeled the e-subunit, and, in the presence of Mg”*, both parts were reassembled to
yield the fully functional FRET-labeled ATP synthases with not more than one enzyme per lipid vesicle.

This FRET-labeled ATP synthases in liposomes were diluted to obtain a EGFP-F F,; concentration of approximately 100
pM. We observed 1 to 3 single ATP synthases traversing one-by-one the detection volume of the confocal microscope
within 5 s and, therefore, well-separated photon bursts in time. In this buffer, | mM AMPPNP was present to block
rotation of the subunits yecy. Four different FRET efficiencies were found in these bursts as shown in Fig. 1. Most ATP
synthases appeared to have no FRET acceptor. They were allocated to the 'donor only' fraction and were characterized
by high photon count rates in the donor detection channel and nearly no counts in the acceptor channel. The mean
fluorescence lifetimes of these EGFP-F,F; was 7, = 2.8 ns (upper panel in Fig. 1 a). An apparent FRET efficiency was
calculated using the background-corrected fluorescence intensities and the detection efficiencies for the two channels of
our setup. As expected for a missing FRET acceptor, this apparent FRET efficiency was centered around 0.

The double-labeled ATP synthases in liposomes showed relatively higher count rates in the acceptor channel. The
lifetimes of the single FRET donor was shorter than the 2.8.ns found for the 'donor only' ATP synthase. The lifetimes
corresponded to three distinct ratios of donor intensity, I/ and acceptor intensity, I,. We attributed the FRET
efficiencies to 'low FRET efficiency' (or L-state) with Ergzgr ranging from 0.1 to 0.4, 'medium FRET efficiency' (M-
state) for Epppr from 0.4 to 0.7, and 'high FRET efficiency' (H-state) for Erpgr from 0.7 to 1. For all bursts we calculated
the donor intensity autocorrelation function to identify those liposomes with more than one single ATP synthase. From
this AMPPNP experiment, we concluded that we were able to discriminate the three stopping positions of the &subunit
with respect to the a-subunit by their FRET efficiency.

3.2. Fluctuating FRET efficiencies in the presence of ATP

We changed the buffer and added 1 mM ATP instead to start the ATP hydrolysis reaction. The FRET-labeled single
ATP synthases showed fluctuations of the FRET efficiencies within a single photon burst (Fig. 2 a,b) indicating rotation
of the e-subunit during catalysis. Depending on the observation time of the freely diffusing enzyme, we observed three
and more distinct FRET efficiency levels with stepwise changes. The dwell times, that is, the duration of these FRET
levels, were found in the range of several ms to hundreds of ms. However, the data set was not large enough for a
statistical analysis of the dwell times and a comparison with biochemical turnover numbers per enzyme 2.

The distance between the donor and the acceptor fluorophore, rp4, results from the conversion of the intensity values
into nanometer distances according to the Férster theory of resonance energy transfer >'*:

rpa =Ry - (Epren)" - D' (1)
with the intensity-defined FRET efficiency
Errpr =14/ (14 + y1Ip) (2)

(with y =n,é, /np@p using the detection efficiencies of the set-up for acceptor and donor, 7, and the quantum yields, ¢)
or based on the donor fluorescence lifetimes, 7p,4, in the presence of the FRET acceptor (or 7p in the absence, resp.)

Errer =1 - (tp4 / ™) (3)

The ATP synthase in Fig 2 a switched from the L-level with Erzz7=0.16 and 75,,=2.22 ns after 90 ms observation time to
the M-level (Epgp=0.42; mA=1.87 ns), and after 130 ms to the H-level (Egz=0.87; 7p,=0.56 ns). The second ATP
synthase switched from the L-level with Eppz=0.24; 75,=2.27 ns) via the M-level (Epgz=0.36; 7,~=1.71 ns) to the H-
level (Ergz=0.87; 75,=0.56 ns) in Fig. 2 b.
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Figure 2. Conformational changes in two F,F;-ATP synthases in the presence of ATP. Lower panels, fluorescence
intensity trajectories (EGFP: gray lines; Alexa-568: black lines) with 1 ms binning. Middle panels, corresponding FRET
efficiencies. Upper panels, distance trajectories between both fluorophores calculated with 'FRET TRACE' '*.

A straight forward way to analyze the distance changes in the ATP synthase during catalysis would by the calculation of
a distance trajectory for rp, between the EGFP at the a-subunit and the Alexa-568 at the rotating &-subunit. However,
the small number of recorded photons per time bin leads to large errors for a distance trajectory calculated from each
data point. Therefore, we used a novel analysis method which is based on single photons detected with the high time
resolution provided by the TCSPC data. Following G. Schroder and H. Grubmiiller, the time trajectory of the distance
between the two FRET fluorophores, rp,, can be described by a one dimensional random walk with a transition
probability of the distance from one time bin to the next '*. Calculated with the free software package 'FRET TRACE!,
this method yields auxiliary information of the uncertainty of the calculated distances, and, furthermore, considers the
whole information of the photon arrival times. It is therefore independent of pre-defined time bins that were used to
visualize the photon burst in the intensity trajectories (lower panels in Fig. 2).

The probabilities of distance changes (or rotary steps in the case of ATP synthase, respectively) depend on an unknown
so-called 'effective diffusion parameter D' that describes the kinetics of the conformational changes. From cross-
validation of several models with different effective diffusion coefficients, we obtained an effective diffusion coefficient
of D=2.0-10""° m%/s for our FRET data. The second necessary assumption is the Forster radius R, as derived from the
spectral overlap and the quantum yields. Here, we used the smaller value R;=4.88 nm for the EGFP-Alexa-568 pair (see
below). As shown in the upper panels of Fig 2, the distance changes in the presence of ATP calculated with 'FRET
TRACE' occurred stepwise and at the same time as seen the in FRET efficiency trajectory. At low photon count rates
within the burst, the fluctuations of the FRET efficiency trajectory for one particular level were too large to identify
conformational changes, but in the distance trajectories the FRET level transitions could still be observed. However, as
the time resolution is still related to the photon count rates, higher detection efficiencies for the single FRET-labeled
ATP synthases have to be achieved.

3.3. Three distances of position £56 with respect to the a-subunit during ATP hydrolysis

The FRET level analysis with 'FRET TRACE' supported the three levels in selected single photon burst with stepwise
interchanging levels. To get an overview of the different FRET levels and the number of rotating ATP synthases in our
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measurements, we plotted all photon burst of this data set in two-dimensional histogram of donor lifetime 7j4 versus the
intensity ratio /p/l,. Rewriting equation (2) yields

/L) = (Erren)™ D 7 = (tpa/ (1= 1)) - 7 “4)
Combining equations (1) and (3) results in
pa =Ry - (24! (20 - T0)"° 5

Thereby, other photophysical effects like donor or acceptor quenching are easily identified in the 2D plot °.

We compared two different ways of burst and FRET level identification: the manual selection method of individual
photon bursts (which is a time demanding process) and a threshold-based software approach for future automatic
filtering and fast processing of large FRET data sets. As shown in Fig. 3 a, the manually selected histogram consists of
3782 bursts with 4536 FRET levels . Photon bursts with 1, 2, 3, and more FRET level were combined in the 2D plot.
The automatic level detection of the same data set is shown in Fig. 3 b and resulted in a similar 2D distribution from
2971 photon bursts with 3580 FRET levels. Most FRET efficiencies were characterized by a donor lifetime around 2.5
ns and log (Ip/I,) = 1.2, and were identified as the 'donor only' population, that is, F,F;-ATP synthases without Alexa-
568 at the &-subunit. Another large fraction of molecules were found to be located in the 'high FRET level' area of the
2D plot with a donor lifetime of 0.4 ns and a log (Ip/I,) = - 1.1. These FRET levels originated from bursts with only one
FRET state, and, as the number of donor photons to calculate the lifetime was very low, the maximum likelihood
estimation of these lifetimes exhibited a larger error.

From both data sets we created the sub-sets of those photon bursts, which comprised three and more FRET levels and
ensured a rotation of the e-subunit. The additional requirement of the right level sequence - L—-M—H— as expected
for ATP hydrolysis reduced the number of manually selected levels to 393. Furthermore, an intensity threshold was used
to remove the bursts consisting of a 'donor only level' as the last level in the burst. We wanted to filter out those
photophysical events of acceptor bleaching which would be interpreted as an apparent FRET efficiency transition or a
rotary step of subunit €. A total of 307 FRET level from 92 bursts remained in Fig. 3c. Applying the same criteria
yielded 96 remaining FRET levels from 24 bursts after the automatic level detection process (Fig. 3 d).

We defined three areas in the 2D plots to classify the FRET levels. The low-FRET efficiency levels were located within
the lifetime limits of 2.2 ns < 74 (L) < 2.8 ns and the intensity ratio range -0.2 < log (Ip/I;) < 0.9. The medium-FRET
efficiency levels were located within the lifetime limits of 1.3 ns < 74 (M) < 2.2 ns and the intensity ratio range -0.5 <
log (Ip/1,) < 0.2, and the high-FRET efficiency levels were located within the lifetime limits of 0.4 ns < 7, (H) < 1.3 ns
and the intensity ratio range -1.0 < log (Ip/I,) < -0.4. This resulted in 98 L-levels, 72 M-levels and 42 H-levels in Fig. 3
c, and in 26 L-levels, 30 M-levels and 40 H-levels in Fig. 3 d. The mean lifetimes and the associated mean log(Ip/l,)
values were calculated for each of the three populations to yield three stopping positions of the &subunit during ATP
hydrolysis. Accordingly, the L-level had a mean lifetime 7p, (L) = 2.489 ns and a mean log(Ip/I,) = 0.349 in the
manually selected FRET levels, the M-level had a mean lifetime 7p, (M) = 1.764 ns and a mean log(Ip/I,) = -0.06, and
the H-level had a mean lifetime 7p, (L) = 0.887 ns and a mean log(Ip/I,) = -0.734. For the software-analyzed FRET
levels, a mean lifetime 74 (L) = 2.506 ns and a mean log(Ip/I,) = 0.338 was found for the L-level, a mean lifetime 7zp4
(M) = 1.768 ns and a mean log(Ip/l,) = -0.102 was found for the M-level, and a mean lifetime zp, (H) = 0.899 and a
mean log(Ip/l,) = -0.694 was found for the H-level. Considering the low number of the remaining FRET levels used for
the calculation of the mean values, the agreement of both the manual burst-by-burst method and the automatic
threshold-based method is excellent.

Both triple sets of mean L-, M- and H-level were located near the black straight lines in the 2D plots, which indicates
nearly perfect FRET behavior and not quenching . However, the black line represents FRET for a specific ratio of
about 2 for the quantum yields of Alexa-568 and of EGFP. This ratio could be most likely realized assuming a lower
quantum yield of 0.35 for EGFP fused to the a-subunit at our excitation conditions (instead of 0.6 as reported), and of
0.67 for Alexa-568 (that is the highest quantum yield reported for this fluorophore bound to a protein '7).
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Figure 3. Manually selected (left side) and automatically detected (right side) FRET levels in single ATP synthases in
the presence of 1 mM ATP. a, all FRET levels of photon bursts exceeding 20 counts/ms for EGFP or 10 counts/ms for
Alexa-568. In total, 3782 bursts were selected, 3391 with one state, 187 with two, and 404 with three and more FRET
levels within one burst. b, all automatically detected FRET levels according to the thresholds used in (a). In total, 2971
bursts were detected, 2598 with one state, 228 with two, and 145 with three and more FRET levels. ¢, sub-set of (a) by
selecting bursts with three or more levels, with the level sequence of low—medium—-high FRET, and with a minimum of
40 photons in the donor channel per level. If the mean average count rate in the donor channel was less then 25
counts/ms then the logarithmic ratio log(Ip/l,) had to be smaller then 0.4. Thereby, 92 ATP synthase remained. d, sub-
set of the automatically found bursts selected in the same fashion as in (c), consisting of 24 remaining ATP synthases.
The gray scale bar indicates the frequency of levels in (a) and (b). In (c) and (d), the gray scales were adjusted to match
each maximum frequency.
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Figure 4. 'Donor only' bursts of EGFP-F F-ATP synthases in buffer at pH 8.0. a, all bursts. b, subensemble I selected
by a minimum average count rate </,,;,> > 15 counts/ms; ¢, subensemble II selected by </7,,;,,> < 15 counts/ms. Gray
scale indicates frequency of states. d, photon burst of subensemble I, with lifetime, autocorrelation function, and two-
channel intensity trajectory. e, photon burst of subensemble II of EGFP-F,F-ATP synthase.
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3.4. Identification of two different EGFP-F F, populations

We noticed a high number of FRET states in in 2D plots of all FRET levels during ATP hydrolysis, that exhibited a
lifetime similar to the low-FRET level but a too high ratio of donor-acceptor intensities compared to the bursts that were
selected for rotation. These photon bursts with the shortened lifetimes are far off the limited area defined by the
theoretical lifetime-versus-log(Ip/l,) dependencies shown as the black dashed and dotted lines in the 2D plots in Fig. 3.
At next, we aimed at the identification of this short-lifetime, red-shifted and dark 'donor-only' population, Therefore, we
measured the 'donor-only' fraction independently using the same two spectral ranges for EGFP fluorescence detection.
The EGFP was fused to the a-subunit of F,F;-ATP synthase in liposomes but an intramoleculer acceptor fluorophore
was absent in the enzyme. The data set consisted of a small number of 161 molecules but revealed two populations:
subensemble I was centered around a lifetime of 2.8 ns with log(Ip/I,) = 1.4, and the second population, subensemble II,
had a lifetime of about 2.0 ns with log(Ip/I;) = 1.2 (Fig. 4 a). In previous ensemble lifetime measurements of EGFP-
F,F-ATP synthase in liposomes, we had measured a single lifetime component t = 2.77 ns using a ns-pulsed diode for
excitation around 460 nm (Fluotime 200, Picoquant, Germany).

The excited state of EGFP and others autofluorescent proteins has been investigated with high-resolution ensemble
spectroscopy and single-molecule spectroscopy methods. It has been shown, that the chromophore in autofluorescent
proteins is sensitive to the pH of the buffer resulting in a on-off flickering of the fluorescence in the microsecond time
range *°. This can be measured by fluorescence correlation spectroscopy. Therefore, we calculated the individual
autocorrelation functions of each photon burst, G(z). As shown in Fig 4 d, a bright burst of EGFP-F,F|-ATP synthase
belonging to subensemble I (according to the lifetime t = 2.75 ns) showed a constant G(7) of about 1 in for correlation
times between 1 ps and 1 ms. The correlation ratio of 0.83 for the mean G(7) values in the range of 500-700 ps and the
range of 10-40 ps indicated that no flickering was observed in this burst. In contrast, an ATP synthase belonging to
subensemble II (lifetime © = 1.75 ns) showed a correlation ratio of 0.45, that is, G(7) dropped in the 500-700 us range
due to fast on-off flickering of the fluorescence. We found a mean value for the correlation ratio in this data set of about
0.66. However, it was not possible to clearly separate the two subensembles I and II using arbitrary thresholds for the
calculated correlation ratio, because the correlation ratio values were equally distributed for all lifetimes between 1.7 ns
and 3.0 ns.

Using a mean minium intensity, </,;,>, of 15 counts per ms in the spectral range from 498-567 nm (‘donor channel'’) as
the threshold enabled us to separate both subensembles. For 7,,;, > 15 counts/ms, the subensemble I consisted of 103
molecules (Fig. 4 b). Accordingly, the subensemble II with the shorter lifetime has a red-shifted fluorescence emission
and, with 7,,;, < 15 counts/ms, seems to have a lower quantum yield. In Fig 4 c, 53 molecules constitituted subensemble
1I.

3.5. Triangulation of the EGFP at the a-subunit

The goal of this work was to evaluate the possibilities of a three-dimensional localization of the a-subunit in the F, part
of ATP synthase using pulsed excitation for single-molecule FRET distance measurements. From the FRET data of Fig
3 ¢ and d, we could calculate a triple set of distances between the fluorophores at the a-subunit and the &subunit
according to equations (1) or (5), respectively. The most likely value for the Forster radius was Ry = 4.88 nm using the
quantum yields of 0.35 for EGFP fused to the a-subunit and of 0.67 for Alexa-568 bound to the cysteine at position 56
of the &-subunit. During ATP hydrolysis, the L-level distance d(L) = 6.90 nm was calculated from the lifetime-based
Errer=0.11, the M-level distance d(M )= 5.33 nm was calculated from Eppzr = 0.37, and the H-level distance d(H) =
4.27 nm was calculated from Erzzr =0.69. These distances were used for a triangulation of the EGFP position at the C-
terminus of the a-subunit.

Furthermore, the two assumptions were needed to develop the 3D model as depicted in Fig 5.

e The three stopping position of £56 are separated by 120° rotation steps around an axis of rotation, which is placed
along the middle of the j~subunit, and

e the stopping positions of the rotating £56 residue are located on a ring with a radius of 2.5 nm, that is, the off-axis
distance from the axis of rotation in F,F{-ATP synthase.
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This radius was chosen to match the size of the rotating c-ring in the F, part of ATP synthase which was determined by
X-ray crystallography ’. These boundary conditions combined with the FRET level sequence —L—M—H— for the
rotation direction during ATP hydrolysis resulted in two positions of the EGFP with respect to the £56 positions, that are
mathematically equivalent. The triangulation principle is shown in Fig 5 a. The three black balls represent the £56
positions, the silver balls the resulting two symmetric positions of EGFP. In the model of the F,F;-ATP synthase, the
Alexa-568 is located at the three stopping positions indicated by the black balls. However, if we use the position b64
(light gray ball in Fig. 5 b and c) as the reference to the b-subunit dimer and place the a-subunit adjacent to the b-dimer,
still two orientations of the a-subunit have to be distinguished: one position is located to the left hand side (Fig. 5 b), the
other is found on the right hand side (Fig. 5 ¢). To make a decision between these sides, an additional information is
needed.

a)

()

]

Figure 5: Triangulation of the a-subunit in a model of E. coli ATP synthase with three stopping positions of €56 (black
balls), the position of »64 (light gray ball) according to previous single-molecule FRET triangulations ''*'*?, and the
two mathematically equivalent positions of EGFP (silver balls) at the height of 64 (upper positions) or at the lipid
membrane level (lower positions). Two possible orientations for EGFP, which are shifted by 120° along the axis of
rotation in F,F;, on each side of the h-subunit dimer have to be discussed (see text).

The previous single-molecule FRET experiments with one fluorophore at the rotating &-subunit and the second one at
the non-rotating b-subunits unraveled the asymmetry for the three stopping positions of €56 ''. The three dwell times
were slightly different and the populations of the three FRET states in the presence of AMPPNP and in buffer without
nucleotide were non-equally distributed. For AMPPNP, most enzymes were found in the H-state; but for buffer
conditions, more than 50 percent of the ATP synthases were resting in the L-state. Because our actual FRET data set is
too small for allow for the assignment according to the dwell times, we analyzed the populations for the two
biochemical conditions. The 2D plots are shown in Fig. 6. In the presence of AMPPNP, 4092 FRET states were found
in total (Fig. 6a), most of them 'donor only' ATP synthase. In buffer, 3888 enzymes were found and, again,
approximately 70 percent were 'donor only' ATP synthases. These 'donor only' population with the two subensembles I
and II could be decreased using two thresholds. Following the criteria for the level attribution in the case of ATP
hydrolysis, three areas in the 2D plots were defined for the L-, M-and H-states and the remaining ATP synthases were
counted for each FRET states. Because the number of molecules in the L-state orientation is obscured by the threshold
process to remove the 'donor only' fraction, we concentrated in the relative amounts of H-states and M-states. For
AMPPNP, we found 98 H-states and 107 M-state. In buffer, 95 H-states and 182 M-states were counted. Compared to
Fig. 6 a and b, it became obvious that the number of remaining H-states was affected by the thresholds used for Fig ¢
and d. Accordingly, we could only state that in the absence of ATP or AMPPNP the relative number of M-states
compared to the H-states is higher than in the presence of AMPPNP. Placing the positions of EGFP to the right hand
side of the b-subunit dimer would match the expectations from the previous experiments of &subunit rotation.
Therefore, we prefer the positioning of the a-subunit as shown in Fig 5 c.
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Figure 6. FRET states of single ATP synthases in the presence of ImM AMPPNP (left side) and in buffer without
AMPPNP (right side). a, all bursts with minimum photon counts /,;, > 150 in the donor channel. b, sub-set of (a)
selected by log(Ip/l,) < 0.4 if the average count rate on the donor channel was smaller than 25 counts per ms. ¢, All
bursts with 7,,;, > 150. d, sub-set of (¢) selected by log(Ip/1,) < 0.4 if the average count rate </,,;,> was < 25 counts/ms.

DISCUSSION

We have presented the first time resolved single-molecule FRET data to triangulate the position of the a-subunit of the
F,F-ATP synthase from E. coli. Therefore, EGFP was fused to the C-terminus of this subunit to serve as the FRET
donor fluorophore. As the FRET acceptor, Alexa-568 was attached to the rotating &-subunit. The enzymes had been
embedded into the membrane of lipid vesicles (approximately 100 nm diameter) to yield not more than a single ATP
synthase per liposome. The freely diffusing enzymes were excited with ps pulses at 490 nm with a repetition rate of 80
MHz in a confocal microscope. The high time resolution needed to discriminate the lifetimes between 0.5 ns and 2.8 ns
was achieved by the short ps pulses and the fast TCSPC electronics. Three biochemical conditions were applied: rotary
catalysis during ATP hydrolysis, AMPPNP trapping of rotation, and resting in the buffer without nucleotides. These
conditions enabled us to calculate a triple set of FRET distances for the triangulation, and to make a preliminary
decision for the orientation of the a-subunit with respect to the b-subunit dimer.

In contrast to cw excitation, using a pulsed laser allowed for the lifetime-based FRET efficiency measurements that
avoid many of the difficulties calculating intensity-based FRET efficiencies: background correction, cross-talk
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correction, determination of the detection efficiencies of the set-up for donor and acceptor channel, and, most
importantly, the determination of the quantum yields for donor and acceptor fluorophore in the local protein
environments. We noticed a strong dependence of the intensity ratio log(Ip/l,) and the distances between the two
fluorophores calculated from the intensity-based FRET efficiencies. Within the 2D histograms created from intensities
and lifetimes of each FRET level, we could identify and remove those photon bursts with non-FRET behavior. For the
first time we identified a subensemble of the EGFP-F,F; with distinct photophysics, that was not noticed in earlier cw-
excited single-molecule FRET experiments with this ATP synthase. Here, a set of thresholds could be used to remove
this population. Furthermore, as lifetime and intensity ratio are related by Erggr, the theoretical FRET curves assuming
different quantum yields of donor and acceptor could be used to evaluate the published values and to estimate the
corrections for the local protein environments. However, using direct excitation of Alexa-568 bound to F,F;-ATP
synthase at 561 nm yielded similar photon count rates as for rhodamine B, and only half of the counts compared to a
single TexasRed fluorophore. Accordingly, a quantum yield of 0.7 for Alexa-568 at £56 (as assumed from the FRET
curves in the 2D histograms) seems to be too high, and this method should be used only to get an estimate for the
quantum yields.

A disadvantage of pulsed excitation might be the high peak power. Especially for EGFP, photobleaching was a serious
problem, because we had to apply a mean power of 200 uW at 490 nm to detect a high number of photons from a single
ATP synthase. The autofluorescent proteins are known to exhibit spectral fluctuations depending on the charge at the
fluorophore. The fluorescent anionic B-state of the EGFP is the dominant conformation, the neutral A-state is not
excited with 490 nm >, Recently, also red-shifted emission of single EGFP and EYFP has been reported **, and, induced
by irradiation, the GFP could be converted to a red-fluorescent chromophore *°. Using ps pulses in a power series from
50 to 500 uW at 490 nm, we observed power-dependent lifetime changes of single EGFP-F F;. At 500 uW, the average
lifetime of a single EGFP dropped to 2.2 ns. It might be possible, that the subensemble of EGFP with the shorter
lifetime and red-shifted emission had been generated during our pulsed measurements, but further investigations are
required to identify the details of the photophysics of EGFP fused to the a-subunit of F F;-ATP synthase.

Progress has been made towards an automatic threshold-based FRET analysis of photon bursts using the software 'Burst
Analyzer'. Direct comparison of manually selected and automatically detected FRET levels during ATP hydrolysis
revealed nearly perfect matching. However, the automatic detection did find not all positive events, or, vice versa, was
not biased by the very low number of remaining FRET levels. Implementation of the lifetime calculation of the selected
bursts or FRET levels, and of the different autocorrelation functions to estimate the number of fluorescent emitters in a
single burst provide the basis for a detailed subensemble analysis and the discrimination of FRET processes from
quenching. Furthermore, generating dynamic distance trajectories with 'FRET TRACE' is an alternative to the static
FRET level distance calculations. With these features we can now start the FRET experiments on c-ring rotation, the
proton-driven F, motor of ATP synthase. Achieving higher detection efficiencies for the single fluorophores with novel
detection schemes will enable us to improve the time resolution and the precision of conformational change
measurements by our single-molecule FRET approach to monitor catalysis in real time.
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