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In F1F0-ATP synthase, the subunit b2� complex comprises the
peripheral stator bound to subunit a in F0 and to the �3�3 hexamer
of F1. During catalysis, ATP turnover is coupled via an elastic rotary
mechanism to proton translocation. Thus, the stator has to with-
stand the generated rotor torque,which implies tight interactions of
the stator and rotor subunits. To quantitatively characterize the
contribution of the F0 subunits to the binding of F1 within the
assembled holoenzyme, the isolated subunit b dimer, ab2 subcom-
plex, and fully assembled F0 complex were specifically labeled with
tetramethylrhodamine-5-maleimide at bCys64 and functionally
reconstituted into liposomes. Proteoliposomes were then titrated
with increasing amounts of Cy5-maleimide-labeled F1 (at �Cys106)
and analyzed by single-molecule fluorescence resonance energy
transfer. The data revealed F1 dissociation constants of 2.7 nM for
the binding of F0 and 9–10 nM for both the ab2 subcomplex and
subunit b dimer. This indicates that both rotor and stator compo-
nents of F0 contribute to F1 binding affinity in the assembled
holoenzyme. The subunit c ring plays a crucial role in the binding of
F1 to F0, whereas subunit a does not contribute significantly.

F-type ATPases (F1F0) are ubiquitously abundant in the inner mem-
branes ofmitochondria, chloroplasts, and bacteria, where they catalyze the
synthesis of ATP by oxidative or photophosphorylation. In bacteria, the
enzyme can also work in the opposite direction to generate proton or
sodiumgradients at theexpenseofATP.Despite slight variations in subunit
composition among species, F1F0 complexes share a high homology with
respect to the mechanism of catalysis, in which ion translocation through
themembrane-embedded F0 part is rotationally coupled toATP synthesis/
hydrolysis in F1 (1). Because of the rotary mechanics, in addition to the
structural classificationof thismultisubunit enzymecomplex inF1 (subunit
composition �3�3��� in Escherichia coli) and F0 (ab2c10) (2), a functional
classification into rotor and stator is also used. Either H� translocation
through F0 or ATP hydrolysis in F1 leads to the rotary movement of a
centrally located ��c10 rotor element (3–8), which has to be counteracted
by a peripheral stator element. This so-called “second stalk” is composed at

least of the two copies of subunit b (9, 10), which are supposed to undergo
transient elastic deformation to compensate for the torque, which is built
up by the propelling rotor (5, 11, 12). Accordingly, a similarmode of elastic
coupling during catalysis has recently been suggested for the subunit c ring
of the rotor part from the Na�-translocating ATP synthase of Ilyobacter
tartaricus (13).
The peripheral connection between F1 and F0 by subunit b is accom-

plished by multiple contacts of the subunit b dimer with the �, �, and �

subunits of F1 (10, 14, 15) as well as with subunit a of F0 (16–18).
Because of the transient storage of elastic energy during catalysis, sub-
unit interactions between components of the stator have to be rather
strong to withstand a rotary strain of up to 55 kJ mol�1, i.e. the maxi-
mum �G observed for ATP synthesis (19, 20). Although there are sev-
eral binding partners for subunit bwithin the stator in F1, each of which
contributes to binding affinity (21, 22), in the case of F0, only subunit a
interacts with the subunit b dimer. Although binding affinities between
subunits a and b could so far not be determined within the lipid phase,
a strong interaction has been shown by the purification of a stable ab2
subcomplex (23). In the case of the interaction of subunit b with F1,
binding affinities have so far been determined only in solution by several
techniques, including fluorometric tryptophan quenching (1, 22, 24)
and fluorescence resonance energy transfer (FRET)6 (20). However, in
these assays, only truncated forms of subunit b lacking the membrane
part were used, thereby confusing the interpretation of the correspond-
ing results with a ratherweak dissociation constant for dimerization (20,
22). Subunit b dimerization was shown to be a prerequisite for F1 bind-
ing (25), and the two copies of subunit b were shown to interact also
within the transmembrane portion of the polypeptide (26). In addition,
the use of soluble F1 and single F0 subunits in titration assays does not
allow testing of functional F1/F0 interactions because of the lack of the
membrane-embedded F0 part of the enzyme. It has previously been
shown that, in the case of reconstituted F0 and its subcomplexes, all
three subunits a, b, and c are necessary for the functional binding of F1
(11, 23, 27). Thus, both rotor (subunit c) and stator (subunit b) compo-
nents of F0 contribute to F1 binding in vivo.

In this study, F1/F0 interactions were quantified for the first time
using functionally reconstituted protein complexes. The binding of F1
to the subunit b dimer and ab2 stator subcomplexes as well as to fully
assembled F0 has been observed by single-molecule FRET, also intro-
ducing a new approach in the spectroscopic analysis of binding con-
stants in F1/F0 interaction. The binding constants clearly demonstrate
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that both rotor and stator components of F0 contribute to F1 binding
affinity in the assembled holoenzyme.

EXPERIMENTAL PROCEDURES

Construction of Plasmids and Growth Conditions—Plasmid pTOM3.1
was constructed by cloning a 144-bp EcoNI fragment from pSK1 (28) as
well as a 478-bp PpuMI/BssHI fragment from pRR76 (29) into plasmid
pBWU13 (atpI�BEFHAGDC) (30), thereby introducing the substitutions
bC21A and bQ64C. Addition of a polyhistidine motif following the N-ter-
minal methionine residue of subunit a was achieved by the site-directed
introduction of a (CATCAC)6 sequence via a two-stage PCRmutagenesis
procedure (31), yielding plasmid pTOM3.1aHis12. Both plasmids were
transformed into E. coli strain DK8 (�atpBEFHAGDC) (32), and cultures
were grown on minimal medium with glycerol as the carbon source (11).
Cells were harvested at late exponential phase and stored at �80 °C.

Preparative Methods—The preparation of F1 from E. coli RA1/
pRA114 (33, 34) containing the mutation �T106C was carried out as
described (33). F0 and subunit b from DK8/pTOM3.1 were isolated as
described previously (11, 35). To purify the ab2 subcomplex, everted
membrane vesicles were prepared at 4 °C by resuspending 50 g of DK8/
pTOM3.1aHis12 cells in 50mMTris-HCl (pH8.0), 10mMMgCl2, and 10
�g/mlDNase, followed by cell disruptionwith aConstant SystemsBasic
Z cell disrupter (IUL Instruments GmbH) at a pressure of 1.36 kilobars.
Themembrane suspensionwas centrifuged at 15,000� g for 30min. To
separate everted membrane vesicles from the cytosolic fraction, the
supernatant was centrifuged at 150,000 � g for 1.5 h. To remove F1,
membranes were washed with 10mMTris-HCl (pH 7.5), 10 mM EDTA,
and 10% (v/v) glycerol; resuspended in 1 mM Tris-HCl (pH 7.5), 6 M

urea, and 10% (v/v) glycerol; and incubated overnight.Membranes were
collected by centrifugation and washed with 50 mM Tris-HCl (pH 7.5)
and 10% (v/v) glycerol. For solubilization, membranes (10 mg/ml) were
stirredwith 1.4% (w/v) n-dodecyl�-D-maltoside (DDM) (GlyconCorp.)
at 4 °C for 1 h and subsequently centrifuged at 232,000 � g for 15 min.
The supernatant was adjusted to 150 mM NaCl, 10 mM imidazole, and
0.1 mM phenylmethylsulfonyl fluoride and incubated with 1 ml of nick-
el-nitrilotriacetic acid-agarose (Qiagen Inc.)/10 mg of membrane pro-
tein at 4 °C for 1 h. The agarosematrix was pre-equilibrated with 50mM

Tris-HCl (pH 7.5), 10% (v/v) glycerol, 150 mM NaCl, 10 mM imidazole,
0.05% (w/v) DDM, and 0.1 mM phenylmethylsulfonyl fluoride. The aga-
rosewas then packed into an empty glass column andwashedwith 5–10
column volumes of the equilibration buffer. To remove unspecifically
bound protein, the imidazole concentration was temporarily increased
to 60mM for 5–10 column volumes, followed by a decrease to 10mM for
another 5–10 column volumes. Detergentwas exchanged fromDDMto
Na� cholate using 5–10 column volumes of the equilibration buffer
containing 1% (w/v) Na� cholate instead of DDM. Elution of the ab2
subcomplex with 250mM imidazole was preceded by a gradient from 10
to 55 mM imidazole within 10 column volumes. Eluted protein was
concentrated to 0.5–1 mg/ml using Amicon Ultra-4 centrifugal filter
devices (molecular weight cutoff of 10,000; Millipore Corp.) and dialyzed
against a 1000-fold volume of 50mMTris-HCl (pH 7.5), 10% (v/v) glycerol,
150mMNaCl, 10mM imidazole, 1% (w/v) Na� cholate, and 0.1 mM phen-
ylmethylsulfonyl fluoride for 24 h with changing the buffer once.

Labeling F0 Components and F1—Isolated F0, subunit b, and ab2 sub-
complex were labeled with tetramethylrhodamine-5-maleimide (TMR)
(Molecular Probes, Inc.), whereas purified F1 was labeled with Cy5-
maleimide (referred to as Cy5; Amersham Biosciences). The dyes were
initially dissolved in dimethyl sulfoxide, and their concentrations were
determined after a 1000-fold dilution with methanol using the extinc-
tion coefficients provided by the supplier. The Förster radius (R0) for
this FRET pair is �6.4 nm (7).

F0 and subcomplexes thereof were labeled at bCys64 with TMR in 10
mMTris/NaOH (pH 8.0), 150mMNaCl, 1% (w/v) Na� cholate, and 10%
(v/v) glycerol on ice in the presence of a 5-fold excess of tris(2-carboxy-
ethyl)phosphine hydrochloride (Molecular Probes, Inc.) with respect to
protein to prevent the formation of disulfides. To avoid the labeling of
both b subunits within the dimer, the degree of labeling was adjusted to
�35% by applying the fluorescent dye at different molar ratios and
incubation times, i.e. for F0, a molar ratio of 1:1 for 3 h; for the ab2
subcomplex, amolar ratio of 1:5 for 4.5 h; and for subunit b, amolar ratio
of 1:5 for 1.5 h. In the latter case, 50 mMMOPS (pH 7.0), 100 mMNaCl,
100�MMgCl2, and 0.1% (w/v) DDMwas used. Unbound dye and tris(2-
carboxyethyl)phosphine hydrochloride were removed using pre-equil-
ibrated Sephadex G-50 columns (Amersham Biosciences). The labeling
degrees (�) were calculated from the concentration ratio of bound dye
and protein according to the following: � � ([labeled protein]/[total
protein]) � 100% � ((A556/�556(TMR))/(A278(protein)/�278(protein))) � 100%
and A278(protein) � A278(total) � A278(TMR) � (A278(total) � (�278(TMR)/
�556(TMR)) � A556, where A278 and A556 are the absorbance at 278 and
556 nm, respectively; and �278 and �556 are the extinction coefficients at
278 and 556 nm, respectively. The concentrations were determined
from UV-visible absorption spectra of the labeled proteins using
�278(F0) � 136,000 M�1 cm�1, �278(ab2) � 108,000 M�1 cm�1, �278(TMR) �

19,500 M�1 cm�1, and �556(TMR) � 95,000 M�1 cm�1, yielding TMR
labeling rates of 32% for F0 and 36% for the ab2 subcomplex. The rather
low absorbance of subunit b (�278 � 7100 M�1 cm�1) wasmasked by the
absorbance of TMR itself. Thus, for TMR-labeled subunit b, the protein
concentration was determined with the enhanced BCA protein assay
(Pierce) using unlabeled subunit b as a standard. The TMR concentra-
tion was then measured by UV-visible spectroscopic absorption analy-
sis, from which a labeling degree of 29% was calculated.
F1 was labeled at �Cys106 with Cy5 at a molar ratio of 1:0.9 in 50 mM

MOPS/NaOH (pH 7.0) and 100 �M MgCl2 on ice for 4 min (36).
Unbound dye was removed by gel filtration on Sephadex G-50. A label-
ing degree (�) of �58% was calculated from UV-visible absorption
spectra (for details, see above) using �650(Cy5) � 250,000 M�1 cm�1,
�278(Cy5) � 41,100 M�1 cm�1, and �278(F1) � 205,500 M�1 cm�1. Solu-
tions of labeled protein were frozen in liquid nitrogen after addition of
10% (v/v) glycerol and stored at �80 °C.

Reconstitution of F0 , the ab2 Subcomplex, and Subunit b into Lipo-
somes and Reassembly with F1—Liposomes from phosphatidylcholine
and phosphatidic acid were prepared by dialysis (37). TMR-labeled F0,
ab2 subcomplex, and subunit bwere reconstituted according to Fischer
et al. (38). The final concentration of proteoliposomes was 8 mg/ml of
lipid in 20mMTricine/NaOH (pH8.0), 20mM succinate, 2.5mMMgCl2,
and 0.6 mM KOH. For the determination of catalytic activities and
ensemble fluorescence measurements, the enzyme concentration was
adjusted to 40 nM. In the case of single-molecule fluorescence measure-
ments, the concentration of reconstituted protein was 15 nM, resulting
in an average number of less than one enzyme molecule/liposome (8).
Proteoliposomes were incubated with different concentrations of
labeled F1 (0, 0.09, 0.9, 9, 49, 89, 222, and 444 nM) in the presence of 2.5
mM MgCl2 and 50 mM NaCl for 45 min at 37 °C, followed by a 90-min
incubation on ice. Unbound F1 was removed by subsequent centrifuga-
tion at 265,000� g for 90min, and the pellet was resuspended in 20mM

Tricine/NaOH (pH 8.0), 20 mM succinate, 0.6 mM KCl, 2.5 mM MgCl2,
and 4% (v/v) glycerol.

Fluorescence Measurements—Ensemble fluorescence measurements
were performed at 20 °C using an SLM-AMINCO 8100 spectroflu-
orometer with a slit width of 4 nm. Spectra were corrected for lamp
intensity and detection efficiency.
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Single-molecule fluorescence measurements were performed at
20 °Cusing a confocalmicroscope (100-�mpinhole size) of local design.
The laser beam (532 nm, frequency-doubled neodymium/yttrium alu-
minum garnet; Coherent Inc.) was attenuated to 100 microwatts and
directed into an Olympus water immersion objective (UApo 40�,
numerical aperture of 1.15). This power level created sufficiently high
fluorescence signals, but still kept photobleaching negligible. For epi-
illumination, a 545 nm DCLP dichroic mirror (AHF Corp.) was used.
Fluorescence was subdivided by a 630 nm DCLP dichroic mirror into
two spectral ranges with � � 630 nm for TMR and � 	 630 nm for Cy5
and detected with two avalanche photodiodes (SPCM-AQR 151,
EG&G). Filters (HQ 575/65 nm for TMR and HQ 665 nm LP for Cy5)
were used to block laser light scattering and to reduce the cross-talk of
TMR into the Cy5 detection channel to 5.4%. The excitation efficiency
of Cy5 at 532 nmwas �0.03 times that of TMR. Photons were recorded
simultaneously (1-ms time resolution) with a multiscaler photon coun-
ter (PMS-300, Becker & Hickl GmbH). Samples were analyzed on a
microscope slide with a cavity of �85 �l covered with a cover glass.
Labeled proteoliposomes were diluted to a final concentration of �100
pM in 20mMTricine/NaOH (pH8.0), 20mM succinate, 0.6mMKCl, and
2.5mMMgCl2. At this concentration, one liposome atmost was present
in the confocal volume at the same time.
For fluorescence correlation spectroscopy (FCS), only the photons of

the TMR channel were used to calculate the autocorrelation function
(G(�c)) by an ALV 5000/E FAST real-time correlator. For a quantitative
interpretation, we used the following function, which contains a diffu-
sion term and a contribution of one triplet state (Equation 1),

G
�c� 	 1 

1

NF
� 1

1 
 �c/�D
�

� � 1

1 
 
�0/z0�
2�c/�D

� 1⁄2

� 
1 � T 
 T
��c /�T�� (Eq. 1)

whereG(�c) is the autocorrelation function;NF is the average number of
fluorescentmolecules in the detection volume; �c is the correlation time;
�D � �0

2/4D is the characteristic time of diffusion with D (diffusion
coefficient); �T is the characteristic triplet time; T is the average fraction
of molecules in the excited triplet state; and �0 and z0 are the 1/e2 radii
of the gaussian detection volume in the radial and axial directions,
respectively. The actual confocal detection volume (V � 7.7 fl) was
calculated from the FCS data of rhodamine 6G in water as described
(36). For FCS, samples were diluted to a final concentration of 2–5 nM,
which yielded a mean value of 5–10 molecules within the confocal vol-
ume at the same time. For every single-molecule FRET titration exper-
iment, three independent measurements were performed. To deter-
mine the diffusion times (�D), the autocorrelation functions were fitted
by Equation 1. All best fits of FCS data resulted in similar values for the
triplet contribution, i.e. �T (4 �s) and T (0.03–0.07).

Determination of Kd by Single-molecule FRET Analysis—Single-mol-
ecule FRET data were analyzed by the custom-made software Burst Ana-
lyzer. After correction of background count rates (0.5–2 counts/ms) and
cross-talk ofTMR into theCy5 channel, photonburstswere selectedby the
following criteria. 1) A duration time of 	20 ms identified photon bursts
originating from labeled proteoliposomes with a corresponding mean dif-
fusion time through the confocal detection volume. 2) Count rates higher
than10photons/ms for theTMRchannelorhigher thansevenphotons/ms
for the Cy5 channel enabled the unambiguous determination of the pres-
ence of both fluorophores in the proteoliposome. 3) Photon bursts were
excluded from further analysis if the total count rate, i.e. the sumofphotons

in the donor and acceptor channels, was 	7000 because these bursts pre-
sumably indicate aggregates of liposomes.
For each selected burst, the apparent mean FRET efficiency was cal-

culated by Eapp � IA/(IA � ID), with IA and ID being the corrected
intensities of Cy5 (acceptor) and TMR (donor), respectively. Bursts
were classified as either donor-only events (Eapp  0.05) or FRET events
(Eapp 	 0.05), and the ratio of FRET events to all events was calculated
and plotted against the F1 concentration.

Assays—Protein concentrations were determined either by the BCA
assay used as recommended by the supplier or by UV absorption spec-
troscopy using the extinction coefficients given above (39). Proteins
were separated by SDS-PAGE (16.5% T and 6% C separating gels
together with 4% T and 3% C stacking gels) (40) and detected by silver
staining (41). Specificity of subunit labeling was controlled by fluores-
cence detection of protein bands. ATPase activitiesweremeasured in an
ATP-regenerating system (42) at 37 °C in 100mMTris-HCl (pH 8.0), 25
mMKCl, 4 mMMgCl2, 2.5 mM phosphoenolpyruvate, 18 units/ml pyru-
vate kinase, 16 units/ml lactate dehydrogenase, and 0.2 mM NADH.
ATP synthesis was measured after an acid-base transition in the pres-
ence of an additional K�/valinomycin diffusion potential at room tem-
perature (43). 20 �l of F1F0 liposomes (40 nM) were incubated for 3 min
with 80�l of 20mM succinate/NaOH (pH 4.7), 5 mMNaH2PO4, 0.6 mM

KOH, 2.5 mM MgCl2, 100 �M ADP, and 20 �M valinomycin. 100 �l of
the acidified suspension were then mixed with 900 �l of 200 mM

Tricine/NaOH (pH 8.8), 5mMNaH2PO4, 160mMKOH, 2.5mMMgCl2,
and 100 �M ADP. The formation of ATP was monitored with a lucife-
rin/luciferase assay.

RESULTS

Purification and Fluorescence Labeling of Proteins—To observe bind-
ing of F1 to F0 and components thereof by intramolecular FRET, it was
necessary to specifically label one subunit of each of the binding part-
ners. All subunits were isolated and labeled with TMR (F0, ab2 subcom-
plex, and subunit b) or with Cy5 (F1) as described under “Experimental
Procedures” (Fig. 1). Labeling degrees were determined by UV-visible
absorption spectroscopy as described under “Experimental Procedures”
and calculated to be 29–36% for TMR-labeled bCys64 in F0, the ab2
subcomplex, and subunit b and 58% for Cy5-labeled F1 �Cys106. For the
ab2 subcomplex and subunit b, UV illumination of the SDS gel revealed
an additional slightly fluorescent protein band corresponding to the
subunit b dimer. In the case of F0, the remaining impurities did not
superimpose on the fluorescence of TMR at bCys64, which was required

FIGURE 1. SDS-PAGE of labeled F1 and F0 and its subcomplexes. F0, subunit b, and the
ab2 subcomplex were labeled at bCys64 with TMR, and F1 was labeled at �Cys106 with
Cy5. 5 �g of F1 and F0 as well as corresponding stoichiometric amounts of subunit b and
the ab2 subcomplex were used for SDS-PAGE. Before the gel was silver-stained (lanes 1),
it was documented under UV light (lanes 2). The apparent difference in the concentration
of subunit a compared with subunit b is due to stronger staining of subunit a. The
additional histidine residues of the His12 tag-modified ab2 subcomplex are responsible
for the increased molecular mass of subunit a. The partial degradation of the � subunit in
purified F1 is indicated (��).
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for the FRET analysis. �Cys106 of purified F1 showed highly specific
labeling with Cy5. The silver-stained SDS gel also revealed partial deg-
radation of subunit �, which has already been observed as a common
problem in F1 preparations (44).

Functionality of Labeled Proteins—Previous studies revealed the
functionality of isolated F0, ab2 subcomplex, and subunit b by passive
proton translocation through F0 reconstituted from subcomplexes as
well as from single subunits (11, 23, 27). To exclude a possible influence
of the dye on the catalytic function of F1 and the coupling to F0, the rates
of ATP synthesis and hydrolysis were determined with both the labeled
and unlabeled enzymes. Isolated F0 was reconstituted into liposomes;
and after binding of F1, all samples revealed nearly the same rate of ATP
synthesis of�15 s�1 (TABLEONE). Accordingly, ATP hydrolysis turn-
over rates of �120 s�1 were determined for isolated F1, whether Cy5-
labeled or not. Both assays clearly demonstrate that the functionality of
F1 and F0 was not affected by the labeling procedure.

Analysis of Ensemble Fluorescence Spectra—The basic concept of the
FRET assay is as follows. Excitation of the fluorescent donor attached to
F0, the ab2 subcomplex, or subunit b results in an energy transfer to the
fluorescent acceptor only after binding of an acceptor-labeled F1 com-
plex. According to the theory of FRET (45), this energy transfer depends
on the distance between both fluorophores and their spectroscopic
properties. The spectroscopic properties of the TMR-labeled F0 com-
plex and F0 components (FRET donors) incorporated into liposomes
and Cy5-labeled F1 (FRET acceptor) are shown in Fig. 2. To circumvent
light scattering caused by the proteoliposomes, fluorescence excitation
spectra were measured instead of absorbance spectra. The fluorescence
excitation (curves 1) and fluorescence emission (curves 2) spectra of
reconstituted and TMR-labeled F0, ab2 subcomplex, and subunit bwere
identical, which was also found for the corresponding samples in buffer
solution (data not shown). This clearly demonstrates that the protein
composition and/or environment had no influence on the TMR fluo-
rescence. The fluorescence excitation spectrumofCy5-labeled F1 (curve
3) revealed a spectral overlap between donor emission and acceptor
absorption (curves 2 and 3), which is sufficient for FRET. Specific exci-
tation of the FRET donor at 532 nm resulted in a fluorescence emission
of the donor (maximum at 579 nm) and acceptor (the fluorescence
emission spectrum of Cy5-labeled F1 shows the maximum at 670 nm).
The efficiency of energy transfer between the fluorophores was clearly
not affected by the subunit composition of F0.

In initial ensemble FRETmeasurements, reconstituted TMR-labeled
F0 was titrated with increasing concentrations of Cy5-labeled F1. At low
F1 concentrations, no significant decrease in donor intensity or corre-

sponding increase in acceptor intensity could be observed (data not
shown). At high F1 concentrations, a slight decrease in donor intensity
and an increase in acceptor intensity were found due to F1 binding.
However, in this titration experiment, especially in the case of low F1
concentrations, the acceptor intensity resulted partly from the direct
excitation of the acceptor at 532 nm in addition to energy transfer by
FRET, thereby covering the signal of interest. Therefore, single-mole-
cule FRET analysis was used to separate the binding events indicated by
FRET from the non-binding of F1 (donor-only events).

Fluorescence Correlation Spectroscopy—In confocal single-molecule
spectroscopy, the signature of an individual fluorophore is a burst of
photons as the molecule is repeatedly excited while diffusing through
the laser focus. To specifically detect the reconstituted F0 components
after binding of F1, the photon bursts thatwere caused by freely diffusing
labeled protein or dye molecules had to be discriminated from those of
the labeled proteoliposomes. The average duration of the photon bursts
from single fluorophores, labeled proteins, and labeled proteoliposomes
depends on the size of the particle. Therefore, they can be distinguished
by their diffusion correlation time (�D).
Fig. 3 shows the autocorrelation functions (G(�c)) of TMR and TMR-

labeled F0 and ab2 and b2 subcomplexes as well as TMR-labeled proteoli-

FIGURE 2. Fluorescence spectra of TMR-labeled F0 and b2 and ab2 subcomplexes
reconstituted into liposomes as well as Cy5-labeled F1. The excitation spectra
(curves 1) of proteoliposomes reconstituted from TMR-labeled F0 (solid lines), ab2 sub-
complex (dashed lines), and b2 subcomplex (dotted lines) were measured at an emission
wavelength of 600 nm, and the emission spectra (curves 2) were measured at an excita-
tion wavelength of 532 nm. The excitation spectrum of Cy5-labeled F1 (curve 3) was
measured at an emission wavelength 670 nm, and the emission spectrum (curve 4) was
measured at an excitation wavelength of 600 nm.

FIGURE 3. Normalized fluorescence autocorrelation functions of TMR and TMR-la-
beled F0 and ab2 and b2 subcomplexes. Autocorrelation functions (G(�c)) were normal-
ized at �c � 0.01 ms. Curves 1, free TMR (solid line) and TMR added to liposomes (dotted
line); curves 2, TMR-labeled F0 (solid line), ab2 subcomplex (dashed line), and b2 subcom-
plex (dotted line) in solution; curves 3, TMR-labeled F0 (solid line), ab2 subcomplex (dashed
line), and b2 subcomplex (dotted line) reconstituted into liposomes. The data collection
time for one curve was 10 s.

TABLE ONE

Rates of ATP synthesis and hydrolysis catalyzed by labeled F1F0 and
F1, respectively
Isolated F0 bCys64 (40 nM) was reconstituted into liposomes, and the rates of
ATP synthesis were measured at 20 °C after rebinding F1 �Cys106 and energi-
zation by � pH and � � . ATP hydrolysis (10 nM F1 �Cys106) was measured
with an ATP-regenerating system at 37 °C. Values are the means � S.D. from
duplicate measurements. F1 and F0 were labeled as indicated: F1Cy5, Cy5-
labeled F1; F0TMR, TMR-labeled F0.

Compound/conditions Turnover

s�1

ATP synthesis
F1F0 14 � 2
F1Cy5F0 16 � 7
F1F0TMR 15 � 5
F1Cy5F0TMR 14 � 3

ATP hydrolysis
F1 121 � 9
F1Cy5 123 � 6
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posomes. Shifts in the autocorrelation functions from shorter to longer
correlation times (i.e. the shifts from curves 1 to curves 2 and to curves 3)
indicate that the molecules diffused more slowly because of an increasing
molecular mass of the diffusing particle. For free TMR, a diffusion time of
0.42ms was obtained (curves 1). The same diffusion time wasmeasured in
the presence of unlabeled liposomes, thereby indicating that there was no
unspecific bindingofTMRto the liposomes. Surprisingly, forTMR-labeled
F0 as well as the ab2 subcomplex and subunit b in detergent-containing
buffer solutions, similar values of �D � 5.7 ms were obtained in all three
cases (curves 2). The diffusion time should increase with the radius of the
diffusing particle; thus, the diffusion time is expected to increase with the
molecular mass. In contrast to the expected values, equal diffusion times
were found for subunit b, the ab2 subcomplex, and F0. This is presumably
due to the fact that the hydrophobic parts of these proteins are surrounded
by detergentmicelles. This results in an increase in the radius of the differ-
ent particles, so they have almost similar hydrodynamic radii. Accordingly,
equal diffusion times of 24 ms were also found for proteoliposomes with
TMR-labeled F0, ab2 subcomplex, or subunit b (curves 3). As expected, the
diffusion times observed for proteoliposome samples were independent of
the incorporatedF0 components because thediffusion timewasdominated
by the large volume of the liposomes. An almost identical diffusion time of
25 ms was found for the liposomes, in which the TMR was covalently
attached to the lipids (data not shown). The differences between the deter-
mined diffusion times of freely diffusing and reconstituted proteins were
large enough to provide the selection criteria for the single-molecule FRET
titration experiments.

Single-molecule FRET Titrations—Single-molecule spectroscopy
allowed us to distinguish between liposomes reconstituted with TMR-
labeled F0, ab2 subcomplex, and subunit b (donor-only event) and
TMR-labeled proteoliposomes with bound Cy5-labeled F1 (FRET
event). Proteoliposomeswere titratedwith increasing concentrations of
F1 to measure the differential binding of F1 to the different complexes.
Cy5-labeled F1 was excited to a small extent at the wavelength used

for the excitation ofTMR, thereby complicating the distinction between
photon bursts obtained from donor-only and FRET events at high F1
concentrations. Therefore, unbound F1 was separated from the proteo-
liposome samples by centrifugation after binding equilibrium was

reached and before the relative number of FRET events was measured.
The assumption that the equilibriumwas “frozen” (equilibrium is estab-
lished so slowly that it does not change during the measurements) was
checked in two ways. At low concentrations, the effect of direct excita-
tion of Cy5-labeled F1 did not prevent the distinction of FRET and
donor-only events. Similar results were obtained when free F1 had been
separated from the proteoliposome samples by centrifugation. How-
ever, at high concentrations, the separation of free F1 was necessary.
Under these conditions, the relative number of FRET events was ana-
lyzed at the beginning and end of the measurements, but no significant
difference was detected. Accordingly, there was no shift in equilibrium
within the time range of the measurement (30 min).
After removal of unbound F1, the samples were diluted to a concen-

tration of 100 pM, and photon bursts resulting from proteoliposomes
were analyzed under a confocal microscope with two-channel detec-
tion.Well separated long-lasting photon bursts could be observed for all
samples (Fig. 4). For each photon burst, the apparent FRET efficiencies
(Eapp) were calculated as time trajectories (Eapp, black traces) using Eapp
� IA/(ID � IA) from the corrected fluorescence intensities of the donor
TMR (ID, gray traces) and the acceptor Cy5 (IA, black traces). Photon
bursts were classified according to their mean FRET efficiency into
donor-only events with Eapp  0.05 or FRET events with Eapp 	 0.05.
Fig. 4A shows a typical photon burst of a donor-only event, where the
fluorescence intensity in the acceptor channel is at the background
level. This could result from the following. 1) No binding of F1 occurred.
Consequently, the proteoliposomes contained only the donor fluoro-
phore at subunit b. 2) Binding of unlabeled F1 molecule occurred. Only
58% of F1 was labeled with Cy5; and thus, 42% of the photon bursts
lacked the acceptor. 3) Binding of Cy5-labeled F1 occurred, but photo-
bleaching of the Cy5 dye prior to detection resulted in a donor-only
event. The observed FRET events were found to be subdivided into
three different FRET efficiency states: a low FRET state (Fig. 4B), a
medium FRET state (Fig. 4C), and a high FRET state (Fig. 4D). These
three FRET states could be attributed to the three different distances
between the donor at subunit b and the acceptor at the � subunit cor-
responding to the three possible orientations of the � subunit in F1F0
with respect to the subunit b dimer as reported previously (7, 29).

FIGURE 4. Photon bursts and apparent energy
transfer efficiency of FRET signals of single pro-
teoliposomes. A, donor only; B, low FRET state; C,
medium FRET state; D, high FRET state. The lower
part of each panel represents the time trajectories
of TMR fluorescence intensities (ID, gray traces) and
Cy5 fluorescence intensities (IA, black traces). The
upper part shows the corresponding apparent
FRET efficiencies (Eapp, black traces) and the mean
FRET efficiency of the burst (gray lines).
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The binding of F1 to reconstituted F0 can be described by the disso-
ciation constant of F1F0, Kd (Equation 2),

F1F0% F1 
 F0, Kd 	
F0�F1�

F1F0�
(Eq. 2)

where [F0], [F1], and [F1F0] represent the concentrations at equilib-
rium. For each F0 component and particular F1 concentration, 200–
300 photon bursts were analyzed, and the total number of events and
the number of events showing intramolecular FRET were counted
one by one. Generally, a higher number of FRET events could be
observed with increasing F1 concentrations, reaching constant max-
imum values at [F1] 	 80 nM. The ratio of FRET events to all events
(R) was calculated for the different F1 concentrations used. For the
titration of F0 with F1, R reached the maximum value (Rmax) of 50% at
an initial F1 concentration of 89 nM. In contrast, to reach the corre-
sponding Rmax values of 50% for the ab2 subcomplex and 49% for the
subunit b dimer, a significantly higher F1 concentration of 222 nM
was required. The changes in the relative number of FRET events
(R/Rmax) were plotted for 15 nM reconstituted F0, ab2 subcomplex,
and subunit b as a function of the initial F1 concentration (Fig. 5). To
obtain the corresponding binding constants, the specific relations of
R/Rmax and the initial concentrations were derived as deduced in the
“Appendix.” The Kd for the binding of F1 to F0 and respective com-
ponents was calculated according to Equation 3,

R

Rmax
	

F1F0�

F0�0
	

1

2F0�0
� �Kd 
 F1�0 
 F0�0

� 

�Kd � F1�0 � F0�0�
2 � 4F0�0F1�0�

1⁄2� (Eq. 3)

where [F1F0] is the concentration of F1F0 at equilibrium and [F0]0 and
[F1]0 are the starting concentrations of F0 and F1, respectively, at the
beginning of the titration. The same equation holds for the ab2 and b2
subcomplexes if [F0]0 is substituted with [ab2]0 or [b2]0, respectively.
Equation 3 is deduced in the “Appendix.”
In Fig. 5, the curves were calculated according to Equation 3, and the

dissociation constant (Kd) was obtained from a nonlinear fit to the data.
This results in Kd � 2.7 � 0.7 nM for F0, Kd � 9.7 � 1.2 nM for the ab2
subcomplex, and Kd � 9.0 � 1.3 nM for the subunit b dimer. The disso-
ciation constants for the reconstituted ab2 subcomplex and subunit b
are the samewithin error limits. Thismight indicate that subunit a does
not contribute to the binding of F1. However, in addition to the subunit
b dimer, the presence of the subunit c ring in assembled F0 complexes is
necessary for high affinity binding of F1.

DISCUSSION

According to the current model of rotational catalysis within F1F0-
ATP synthase in conjunction with the hypothesis of elastic coupling
between proton translocation in F0 and ATP turnover in F1, both the
rotor and stator are supposed to withstand a rotary strain of �55 kJ
mol�1 (19, 20). Thus, strong interactions of subunits involved in rotor
and stator formation are required. In this context, it is generally note-
worthy that, for binding assays, the binding affinities of subunits do not
necessarily have to reflect the interaction energy of subunits or torque
values within an operating enzyme because the directions of the force
vectors are most probably not identical.
Binding affinities have been determined in solution for subunits of the

peripheral stator (i.e. subunits b and �) (20, 22, 46). However, subunit
interactions within the rotor part have not yet been considered for their
substantial contribution to the binding of F1 to F0, which has, however,
been demonstrated by functional reconstitution of F0 and subcom-
plexes thereof (23, 27). In solution, the binding strength of the isolated
subunit b dimer with F1 is thought to be at least in part equivalent to the
torque, which is built up during catalysis (22). However, in the experi-
ments performed so far, only a simple docking of subunits could be
observed, which did not result in the formation of functional enzyme
complexes because of the lack of the other F0 subunits. Furthermore, the
use of truncated forms of subunit b lacking themembrane part confused
the interpretation of the data obtained with only a weak tendency to
form dimers in solution. Dimerization constants in the range of 1–2 �M

have been revealed to be in conflict with the determination of the bind-
ing affinities of the subunit b dimer for F1 in the nanomolar range (20).
It has previously been shown that the two b subunits also interact via
their transmembrane regions (26), thereby obviously contributing to
the dimerization of the polypeptide.
To analyze the binding affinity of F1 for F0 and subcomplexes thereof

via the subunit b dimer under “in vivo” conditions, it was necessary to
combine functional reconstitution and quantitative spectroscopic anal-
ysis of subunit interactions. Based on fully assembled F0, this approach
provides for the first time the possibility to study the contribution of
each F0 subunit to the F1 interaction. Also the problem of a low dimer-
ization constant was overcome by use of reconstituted subunit b
because, at least within the ab2 subcomplex, the two b subunits are
assembled as a dimer. Fromour results, it becomes evident that the same is
true for reconstituted subunit b because its Kd is identical to the ab2 sub-
complexKd. In contrast to all other corresponding experiments performed
so far, in this study, functional F1F0 interactions were observed because the
presenceof the label didnot interferewith theATPase activity of the result-
ing enzymes and did not affect the ability of F1F0 to synthesize ATP.

Initial experiments with molecule ensembles indicated FRET after
binding of F1 to F0. The labeling efficiency of the FRET acceptor at F1
was 58%, which limited the maximum fluorescence changes to be
achieved by FRET. At low F1 concentrations, only a small decrease on
FRET donor fluorescence indicated the binding events. In addition,
three distances with different FRET efficiencies were expected between
the donor at bCys64 and the acceptor at the � subunit according to the
three possible � subunit orientations within F1 (7, 29). However, it was
not possible to quantitatively attribute the increase in acceptor fluores-
cence at�670 nm to FRET as a result of the binding event because there
was an increasing error due to the direct excitation of the acceptor with
increasing concentrations of Cy5-labeled F1 (without binding to F0 or
the subcomplexes). Therefore, single-molecule FRET analysis was the
method of choice. In these titration experiments, defined incubation con-
ditionswereemployed.Thebackground fluorescence in theacceptorchan-
nelwas suppressed by separating the proteoliposomes fromunboundF1 by
ultracentrifugation. F1 was thereby removed from the equilibrium. How-

FIGURE 5. Binding of Cy5-labeled F1 to TMR-labeled F0 and ab2 and b2 subcom-
plexes observed by single-molecule FRET. The relative number of FRET events
(R/Rmax) is plotted against the initial F1 concentration. fOOf, F0; E– – –E, ab2 subcom-
plex; ‚…‚, b2 subcomplex. The curves were calculated according to Equation 3.
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ever, subsequent dissociation of F1 was not observed during the time of
measurement, indicating only very small dissociation rates for bound F1.

Single F0 or subcomplexes reconstituted into liposomes were
counted one after another, and FRET within the photon bursts charac-
terized the binding of F1. By analyzing several hundred single proteoli-
posomes, even small numbers of FRET events were unambiguously
identified, resulting in a high reproducibility of the number of FRET and
donor-only events. The FRET acceptor labeling degree of 58% repre-
sents the theoretical upper limit for the relative number of FRET events,
when every donor-labeled F0, ab2 subcomplex, or subunit b dimer has
bound F1. The experimental value of 50% for Rmax indicates that photo-
bleaching of the FRET acceptor was marginal. The difference from the
theoretical value couldbedue to a small fractionof F1 lacking either the�or
� subunit, which prevents binding of F1 to the different proteoliposomes.
The Kd values derived from these single-molecule FRET data clearly

demonstrate that subunit b (not as a dimer or assembled in ab2 subcom-
plexes) is solely responsible for efficient F1 binding. This is in accord with
former functional reconstitution experiments (23, 27). Only in the case of
fully assembled F0 complexes was a Kd of 2.7 nM observed, matching a
magnitude of �50 kJ mol�1, which can be considered to be almost suffi-
cient to withstand the rotary strain within the stator during catalysis. Both
the subunit b dimer and ab2 subcomplex showed significantly lower but
identicalKd values. From this, it can be additionally concluded that subunit
a does not substantially contribute to F1 binding (not by direct interactions
or via a possible influence on the subunit bdimer). The additional presence
of the subunit c ring decreases the dissociation constant of F1 by �3-fold.
Hence, interactions of the proteolipid ringwith rotor components of F1 are
also involved in binding within the assembled enzyme. Protein contacts of
the hydrophilic loop domain of subunit c with the � and � subunits were
shownby chemical cross-linking (47–50).Thebinding strengthof subunits
within the rotor part should be at least equal to that within the stator of the
enzyme. Because F1 and F0 each contain components of both the rotor and
stator, corresponding contributions of subunit interactions are also
expected to occur within the ��c10 rotor.

However, the differences in the F1 binding affinities, which were
determined to be 2.7 nM for F0 and 9.0 and 9.7 nM for the subunit bdimer
and ab2 subcomplex, respectively, are significant; and, furthermore,
these values were obtained within the same analytical setup, thus pro-
viding a direct comparability of the samples. Subunit interactionswithin
the stator part of F1F0 were so far determined with different methods
and experimental techniques, including FCS analysis (20, 46) and tryp-
tophan fluorescence measurements (22, 51), thereby rendering the
comparison of the data obtained rather difficult. In addition, the use of
unassembled or truncated subunits in these previous studies did not
allow the detection of possible cooperative binding effects of more than
one polypeptide. This may explain the rather broad range of dissocia-
tion constants found for stator subunit interactions, ranging from 1–2
nM (46, 51) to 5–10 �M (21). The maximum binding energy of 48.9 kJ
mol�1, which was calculated in our study, apparently does not reflect
the maximum �G value of ATP synthesis, which is reported to be 55 kJ
mol�1 (19, 20). Several models for the calculation of binding constants
also accounting for a possible additional or cooperative contribution of
the � subunit to F1 binding did not result in significantly higher �G
values. This clearly argues again for the fact that the direction of the
force vectors for F1 binding and rotation are not identical. However, it
should be noted that these apparent binding energies of 48.9 kJ mol�1

for F0 versus 45.9/45.7 kJ mol�1 for the subunit b and ab2 subcomplex,
respectively, represent the lower limits. Dissociation of the � subunit in
F1, which has been reported to occur with aKd of�1 nM (46, 51), as well
as possible partial loss of the � subunit could reduce the effective frac-
tion of functional F1 in the FRET titration experiments, resulting in

higher binding energies and correspondingly lowerKd values. To obtain
an estimation of this effect, one can assume that the effective concen-
tration of F1 ([F1]0) is only 50% of the stoichiometric value. In this case,
theKd for the F1/F0 interaction changes from 2.7 to 1.1 nM. The effective
F0 concentration was determined with the two-parameter fit of the F0
titration data, resulting in [F0]0 � 1.5 nM. The stoichiometric concen-
tration determined by protein concentration assays is 15 nM, indicating
that the effective fraction of F0 in the sample, i.e. the concentration of F0
that is able to bind F1, is drastically reduced. This is also reflected by a
comparatively large fraction of impurities in the F0 preparation. In con-
trast to [F1]0, a higher [F0]0 value would lead to lower Kd values.

However, from the differences in the calculated binding energies, it
can be concluded that the interaction of the subunit b dimer with F1
makes up for themain fraction in binding affinity. This is in good accord
with cross-linking data, from which extensive protein contact sites of
subunit b with subunits of F1 can be derived (17). In contrast, F1/F0
interactions within the rotor part of the enzyme are restricted to the
polar loop region of the subunit c ring (49), which explains the small but
still essential contribution of the proteolipid to F1 binding.

APPENDIX

The binding of F1 to reconstituted F0 can be described by the disso-
ciation constant of F1F0, Kd, as in Equation 2 under “Results.”

From the mass balance for F0, the concentrations of F0 and F1 at
equilibrium are obtained (Equations 4 and 5),

F0� 	 F0�0 � F1F0� (Eq. 4)

F1� 	 F1�0 � F1F0� (Eq. 5)

where [F0], [F1], and [F1F0] are the free concentrations at equilibrium
and [F0]0 and [F1]0 are the initially added concentrations.

Combining Equations 2, 4, and 5 yields Equation 6.

Kd 	

F0�0 � F1F0��
F1�0 � F1F0��

F1F0�
(Eq. 6)

Rearrangement of Equation 6 gives Equation 7.

F1F0� 	
1

2
�
Kd 
 F1�0 
 F0�0� �



 � Kd � F1�0 � F0�0�
2 � 4F0�0F1�0�

1⁄2� (Eq. 7)

At a constant initial F0 concentration of 15 nM, different initial F1
concentrations were added. Photon bursts for each concentration were
measured, and the number of bursts indicating FRET events (N(DA)) and
the number of photon bursts without FRET (donor-only event; N(DO))
were counted.
The number of FRET events is proportional to the concentration of

double-labeled F1F0 (F0TMRF1Cy5) (Equation 8),

N
DA� � F0
TMRF1

Cy5� (Eq. 8)

where Ninitial(DA) � 0 before the addition of F1.
At the highest concentration of titrated F1 suggesting complete bind-

ing of F1 to F0, the maximum number of FRET events (Nmax(DA)) is
obtained (Equation 9),

Nmax(DA) � F0
TMRF1

Cy5�max 	 �F0
TMR�0 	 ��F0�0 (Eq. 9)

where� reflects the degree of Cy5 labeling of F1 ([F1Cy5]� �[F1]0) and�

reflects the degree of TMR labeling of F0 ([F0TMR]0 � �[F0]0).
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The number of donor-only events is proportional to the concentra-
tions of F0TMR and F0TMRF1 (Equation 10).

N(DO) � 
F0
TMR� 
 F0

TMRF1�� (Eq. 10)

At the maximum F1 concentration, we obtain Equation 11,

Nmax(DO) � F0
TMRF1� 	 �
1 � ��F0�0 (Eq. 11)

where 1 � � is the fraction of unlabeled F1.
The ratio of the number of FRET events to the total number of events

is calculated by combining Equations 8 and 10 (Equation 12).

R 	
N(DA)

N(DA) 
 N(DO)
	

F0
TMRF1

Cy5�

F0
TMRF1

Cy5� 
 F0
TMR� 
 F0

TMRF1�

	
��F1F0�

�F0�0
	

�F1F0�

F0�0
(Eq. 12)

Accordingly, the maximum ratio (Rmax) is obtained from Equations 9
and 11 (Equation 13),

Rmax 	
Nmax(DA)

Nmax(DA) 
 Nmax(DO)

	
��F0�0

��F0�0 
 �
1 � ��F0�0
	 � (Eq. 13)

which equals the degree of labeling (�) of F1.
Combining Equations 12 and 13 results in the relative number of

FRET events, R/Rmax (Equation 14).

R

Rmax
	

�F1F0�

F0�0�
	

F1F0�

F0�0
(Eq. 14)

FromEquations 7 and 14, the relation between the relative number of
FRET events and the dissociation constant is finally obtained, as in
Equation 3 under “Results.”
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