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ABSTRACT: The rotary mechanism of ATP synthase requires a strong binding within stator subunits. In
this work we studied the binding affinity of theb-subunit to F1-ATPase ofEscherichia coli. The dimerization
of the truncatedb-subunit without amino acids 1-33, b34-156T62C, was investigated by analytical
ultracentrifugation, resulting in a dissociation constant of 1.8µM. The binding ofb-subunit monomeric
and dimeric forms to the isolated F1 part was investigated by fluorescence correlation spectroscopy and
steady-state fluorescence. The mutantsb34-156T62C and EF1-γT106C were labeled with several
fluorophores. Fluorescence correlation spectroscopy was used to measure translational diffusion times of
the labeledb-subunit, labeled F1, and a mixture of the labeledb-subunit with unlabeled F1. Data analysis
revealed a dissociation constant of 0.2 nM of the F1b2 complex, yielding a Gibbs free energy of binding
of ∆G° ) -55 kJ mol-1. In steady-state fluorescence resonance energy transfer (FRET) measurements
it was found that binding of theb-subunit to EF1-γT106C-Alexa488 resulted in a fluorescence decrease
of one-third of the initial FRET donor fluorescence intensity. The decrease of fluorescence was measured
as a function ofb-concentration, and data were described by a model including equilibria for dimerization
of theb-subunit and binding ofb andb2 to F1. For a quantitative description of fluorescence decrease we
used two different models: the binding of the first and the secondb-subunit causes the same fluorescence
decrease (model 1) or only the binding of the firstb-subunit causes fluorescence decrease (model 2).
Data evaluation revealed a dissociation constant for the F1b2 complex of 0.6 nM (model 1) or 14 nM
(model 2), giving∆G° ) -52 kJ mol-1 and∆G° ) -45 kJ mol-1, respectively. The maximal∆G observed
for ATP synthesis in cells is approximately∆G ) 55 kJ mol-1. Therefore, the binding energy of the
b-subunit seems to be too low for models in which the free energy for ATP synthesis is accumulated in
the elastic strain between rotor and stator subunits and then transduced to the catalytic site in one single
step. Models in which energy transduction takes place in at least two steps are favored.

Proton transport coupled ATP synthesis in bacteria,
chloroplasts, and mitochondria is catalyzed by membrane-
bound H+-ATP synthases. These enzymes have two large
domains, a membrane-integrated F0 part involved in proton
transport and a hydrophilic F1 part containing the nucleotide
binding sites (for reviews see refs1-4). In Escherichia coli,
the F1 part has five different subunits with the stoichiometry
R3â3γδε, and the F0 part consists of three different subunits
with a likely stoichiometry ab2c9-14. On the basis of
functional studies, it was suggested that during catalytic
turnover the catalytic nucleotide binding sites on the
â-subunits adopt, in sequential order, three different con-

formations called “open”, “tight”, and “loose” according to
their binding affinity to the nucleotides. These sequential
changes of the binding affinity were generated by subsequent
“docking-undocking” steps of theγ-subunit to the threeRâ
pairs (5). The structure of the mitochondrial F1 part has been
solved to high resolution (6, 7), and on the basis of a variety
of structural and functional evidence, a model of the F0F1

complex was suggested. A rotating part (“rotor”) formed by
theγ- andε-subunit of F1 and the membrane-integratedc-ring
moves during catalysis relative to a static part (“stator”)
which is formed byR3â3, δ, b2, anda (8). The rotation of
the γ-subunit withinR3â3 has been visualized (for review
see ref9) as well as the rotation of thec-subunit oligomer
in the F0 part (9, 10). In EF0F1, stepwiseγ-subunit rotation
was monitored by a single-molecule FRET1 approach during
ATP hydrolysis (11) and, most recently, ATP synthesis (12,
13).

The rotor-stator concept requires at least two connections
between the F0 and the F1 part. Stimulated by this model,
electron microscopic investigation of the H+-ATP synthases
from chloroplasts (14), from E. coli (15), and from mito-
chondria (16) revealed the existence of a second stalk.
According to current views, this stalk is formed by two
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b-subunits and attached to F1 via theδ-subunit (17). A similar
structure and a similar mechanism have been proposed for
Na-translocating F-type ATPases (18).

With respect to the rotor-stator concept, since the torque
exerted by the rotor subunits on the stator subunits needs to
be resisted by the second stalk, it is important to know the
strength of the binding between different elements of the
stator. If the free energy for ATP synthesis is stored
transiently as an elastic strain within the enzyme, the binding
energy of the second stalk to the remaining F0F1 subunits
must be at least as high as the energy for ATP synthesis. In
living cells, the observed∆G for ATP synthesis is about
55 kJ mol-1, which would require a dissociation constant
less than 0.2 nM between the second stalk and the remaining
stator subunits (19).

The hydrophilic domain of theE. coli b-subunit was
isolated and shown to form highly elongated dimers which
bind to EF1 with a Kd smaller than 1-2 µM (20). The
interaction between the solubleb-dimer and theδ-subunit
was found to be weak,Kd ) 5-10 µM, calling for more
extensive interactions of theb-dimer with R3â3 (21). Such
interactions were indicated both by cross-linking data (22,
23) and by cryoelectron microscopy (24). Recently, the
connection between the solubleb2 and the F1 stator subunits
in a thermophilic bacterial enzyme has been shown to be
strong (25).

The goal of the current work was to determine the strength
of binding of the solubleb-subunit ofE. coli to the F1 part.
After labeling genetically introduced cysteines in theγ-sub-
unit of EF1 and in the solubleb-subunit with different
fluorophores, we carried out both fluorescence correlation
spectroscopy (FCS) and steady-state FRET measurements
and derived the binding constants of the complex between
the solubleb, b2, and F1.

MATERIALS AND METHODS

Preparation and Labeling of Proteins.Strain pRA114/
AN888, carrying theγT106C mutation, described in Aggeler
and Capaldi (26), was a gift from the authors. EF1 was
isolated from the mutant strain as described (27) except that
the ion-exchange chromatography was performed on a HQ
20 HPLC column (PerSeptive). The isolated EF1 was stored
in liquid nitrogen.

EF1-γT106C was labeled in buffer A (50 mM MOPS/
NaOH, pH 7.0, 100 mM NaCl, 2.5 mM MgCl2) with different
dyes essentially as described by Turina and Capaldi (28).
The EF1 concentrations were determined by UV absorption
using the calculated extinction coefficientε(280 nm) )
190730 M-1 cm-1 (29). All dyes were dissolved in dimethyl
sulfoxide, and their concentrations were determined after a
1000-fold dilution with methanol using the following extinc-
tion coefficients given by the supplier (Molecular Probes):
ε(541 nm)) 95000 M-1 cm-1 for tetramethylrhodamine-

5-maleimide (TMR),ε(560 mn) ) 92000 M-1 cm-1 for
QSY-7-maleimide (QSY),ε(582 nm)) 108000 M-1 cm-1

for Texas Red-2-maleimide (TR), andε(493 nm)) 72000
M-1 cm-1 for Alexa488-5-maleimide (Alexa488). EF1-
γT106C (20µM) was incubated in buffer A, and the dye
(dissolved in dimethyl sulfoxide in millimolar concentrations)
was added to give a final concentration of 18µM. After a
reaction time of 4 min at room temperature unbound dye
was removed by two subsequent passages through Sephadex
G-50 centrifuge columns equilibrated with buffer A. The
labeled enzymes were stored at-80 °C.

For investigation of the binding of theb-subunit to EF1,
we used a truncatedb-subunit in order to facilitate the
handling of the protein. In these truncatedb-subunits, the
hydrophobic part (amino acids 1-33) was removed, and a
SYW leader sequence was added. Truncatedb-subunits
carrying a cysteine in position 62,b34-156T62C, were
prepared as described (30).

For labeling, 50µM b34-156T62C was incubated in buffer
A in the presence of 100µM TCEP with 100µM dye (either
TMR, TR, QSY, or Alexa488). After 15 min incubation at
30 °C excess reagent was removed by two consecutive
passages through Sephadex G-50 centrifugation columns
equilibrated with buffer A. The concentration ofb34-156T62C
was determined by UV absorption spectroscopy in buffer A
using the extinction coefficientε(280 nm)) 7000 M-1 cm-1

(29). After labeling, the extinction coefficient at this wave-
length increases strongly due to the absorbance of the
fluorophores. Therefore, the protein concentration of the
labeledb34-156T62C was determined with the BCA protein
assay (Pierce) using the unlabeledb34-156T62C as a standard.

Analytical Ultracentrifugation.The dimerization constant
K1 of the soluble domain ofb was determined by sedimenta-
tion equilibrium analysis in an analytical ultracentrifuge. A
sample of purifiedb34-156 (21) was dialyzed into buffer
containing 5 mM TES-NaOH, 100 mM NaCl, and 2.5 mM
MgCl2, pH 7.5. The protein concentration of the dialyzed
sample was determined on the basis of absorbance in the
far-UV (31). The protein was diluted to concentrations of
50, 100, and 200µg/mL with the same buffer.

Sedimentation equilibrium experiments were performed
using a Beckman Optima XL-A analytical ultracentrifuge
in the Biomolecular Interactions and Conformations Facility
at the University of Western Ontario. A four-hole An-60-Ti
rotor and six channel cells with Epon charcoal centerpieces
were used. Absorbance measurements were taken at 230 nm
in 0.002 cm radial steps and averaged over ten observations.
The cells were scanned immediately after starting the
centrifuge to establish the relationship of absorbance to
concentration. Samples were then allowed to equilibrate at
20 °C at rotor speeds of 20000, 25000, and 30000 rpm.
Repeated scans were taken at 4 h intervals to ensure the
equilibrium had been reached at each speed.

The data sets were processed, analyzed, and fitted to
various models using Microcal Origin software and macros
supplied by Beckman. Multiple data sets collected at different
rotor speeds were fitted globally to determine the most
appropriate model. The best fits were obtained for the
monomer-dimer equilibrium model. The monomeric mo-
lecular mass calculated from the amino acid sequence was
13769. The partial specific volume was calculated as
described by Zamyatin (32) to be 0.72 cm3/g. The density

1 Abbreviations: EF1, hydrophilic F1 part of the proton translocating
H+-ATPase fromEscherichia coli; AMPPNP,â,γ-imidoadenosine 5′-
triphosphate; MOPS, 3-morpholinopropanesulfonic acid; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; TMR, tetramethyl-
rhodamine-5-maleimide; Alexa488, Alexa488-5-maleimide; QSY, QSY-
7-maleimide; TCEP, tris(2-carboxyethyl)phosphine hydrochloride; TES,
N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid; TR, Texas
Red-2-maleimide; FCS, fluorescence correlation spectroscopy; FRET,
fluorescence resonance energy transfer.
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of the solvent was calculated by standard methods to be 1.002
g/cm3. The dimerization constantK1 was calculated from the
fitted equilibrium constant and the starting protein concentra-
tions and absorbances.

Fluorescence Correlation Spectroscopy (FCS).FCS was
measured in buffer B after fluorescent impurities were
removed by activated granular charcoal (1.5 mm, Merck).
EF1-γT106C-TMR and b34-156T62C-TMR aliquots were
diluted to final concentrations of 5× 10-10 M. The
fluorescence of single molecules was measured with an epi-
illuminated confocal setup of local design (11). Fluorescence
excitation was performed with a frequency-doubled Nd:YAG
laser, 532 nm, cw (Coherent, Germany). The laser intensity
was attenuated to 125µW and focused by a water immersion
objective (UPlanApo, 40×, NA 1.15; Olympus, Tokyo,
Japan). Optics and mechanics were obtained from OWIS
(Staufen, Germany) and modified. The dichroic mirror
DCLP545 and interference filter HQ575/65 were obtained
from AHF (Tübingen, Germany). The fluorescence signal
was detected by a single photon counting avalanche photo-
diode (SPCM-AQR-15; EG&G, Vaudreuil, Canada). The
multiplexed detector signal was registered in parallel by a
multichannel scaler PC card (PMS 300; Becker & Hickl,
Berlin, Germany) and by a real-time correlator PC card
(ALV-5000/E; ALV, Langen, Germany) for FCS. The
samples were measured on a microscope slide with a small
depression covered with a conventional cover glass. The slide
and cover glass were incubated with 100µM unlabeled
b34-156T62C for 15 min. Excessb34-156T62C was removed
by washing the glass with buffer B. All measurements were
performed at 20°C. The actual detection volume (in the
femtoliter range) was calculated from FCS data of rhodamine
6G in water.

For a quantitative interpretation of these data we used the
following function (33):

In this equationNF is the average number of fluorescent
molecules in the confocal volume,tD1 ) ω0

2/4D1 is the
characteristic time for translational diffusion of the molecules
with the diffusion coefficientD1, tD2 ) ω0

2/4D2 is the
characteristic diffusion time for the molecules with diffusion
coefficientD2, A is the average fraction of molecules within
a so-called dynamically quenched state,tA is the characteristic
correlation time of this quenched state,T is the average
fraction of molecules in the excited triplet state with a
characteristic triplet correlation time,tT, R is the fraction of
molecules with the smaller diffusion timetD1, andω0 andz0

are the radial and axial 1/e2 radii of the laser focus and
detection volume.

Steady-State Fluorescence Measurements.Steady-state
fluorescence measurements were performed in quartz cu-
vettes at 20°C using a SLM Aminco 8100 spectrofluorom-
eter. All spectra were recorded in the photon counting mode
and corrected for lamp intensity. The labeled proteins were
dissolved in buffer B (50 mM HEPES/NaOH, pH 8, 2.5 mM

MgCl2 and 100 mM NaCl). A quartz cuvette was filled with
270 µL of buffer B containing 50 nM labeled F1, and the
fluorescence intensity was recorded up to 1 h. To diminish
exposure to excitation light, fluorescence was measured for
a period of 1 min every 10 min until the fluorescence
intensity reached a constant level. From the fluorescence
decrease it can be concluded that approximately 30% of the
initial F1 concentration was adsorbed at the cuvette walls.
In the FRET titration experiments the required amount of
the labeledb-subunit was pipetted into the cuvette and gently
mixed with a thin metal spatula. The spatula was preincu-
bated in the same buffer with the same protein concentration
as used in the cuvette.

For measurements of the binding kinetics, 30µL of EF1-
γT106C-QSY was injected into 270µL of b34-156T62C-
Alexa488 in buffer B with a Hamilton syringe. Mixing was
completed within 1 s. Time traces of FRET donor intensity
decrease were recorded with an integration time of 500 ms.
The Förster radii for the FRET pairs Alexa488/TR and
Alexa488/QSY areR0 ) 6.0 nm and R0 ) 6.4 nm,
respectively, according to the supplier (Molecular Probes).

RESULTS

Dimerization Constant of b.Since the soluble domain of
b has previously been shown to exist in a monomer/dimer
equilibrium (34), it is essential to know the dimerization
constant under the conditions where binding ofb to F1 was
measured. Previously, dissociation constants forb constructs
extending to the C-terminus have been reported only for 5
°C in the absence of Mg2+, conditions under which the
protein is well-behaved (35). Sedimentation velocity studies,
however, have indicated that at 5°C the C-terminalδ-binding
domain is unfolded (34). At 20 °C, which permits the
interaction ofb2 with δ (21), there is a slight tendency ofb2

to aggregate at higher concentrations, making determination
of the dissociation constant more difficult.

To accurately determine the dimerization constant for the
polar domain ofb under conditions similar to those of the
F1-binding studies (2.5 mM MgCl2, 20 °C), we carried out
sedimentation equilibrium analysis of theb34-156 construct
at low concentrations, determining the distribution of protein
by the absorbance at 230 nm. A number of different rotor
speeds were used to ensure the existence of a dynamic
equilibrium between species present. As expected from
earlier studies, attempts to fit the data to a single ideal species
yielded average molecular masses intermediate between those
expected for a monomer and dimer and poor fits of the data
(not shown). In contrast, excellent fits were obtained using
a monomer/dimer equilibrium model, as shown in Figure 1,
yielding a dimerization constant of 1.8µM under these
conditions.

Fluorescent Labeling of Proteins.The γ-subunit of EF1-
γT106C was labeled with the maleimide derivatives TMR,
Alexa488, or QSY as described in Materials and Methods.
Figure 2 shows the SDS gel of EF1-γT106C labeled with
TMR under UV light excitation and after staining with
Coomassie Blue, indicating an almost exclusive labeling of
theγ-subunit. Only a weak fluorescence from theδ-subunit
is observed, due to the short labeling time (4 min). The
degree of labeling was 35-50% as determined from the UV/
vis spectrum of the labeled EF1 using the extinction coef-

g(2)(tc) ) 1
NF{R( 1

1 + tc/tD1
)( 1

1 + (ω0/z0)
2(tc/tD1))

1/2
+

(1 - R)( 1
1 + tc/tD2

)( 1

1 + (ω0/z0)
2(tc/tD2))

1/2} ×

{1 - T + T exp(-tc/tT) - A + A exp(-tc/tA)} (1)
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ficients given in Materials and Methods. The absorption of
the dye at 280 nm has been subtracted when the protein
concentration was calculated. The specificity and the degree
of labeling were similar for all three dyes used in this work.
In addition, when wild-type EF1 was treated with TR for a
longer time (30 min), selective labeling of theδ-subunit was
observed, with a degree of labeling of 60%.

For covalent labeling of theb-subunit with fluorophores,
a cysteine was introduced at position 62, which is likely
outside the dimerization interface of theb helix (30, 36).
Subunitb34-156T62C was labeled with either TR, QSY, or
Alexa488 so that it could be used either as a donor or as an
acceptor in fluorescence resonance energy transfer (FRET)

experiments, or it was labeled with TMR for FCS experi-
ments. In addition to the band at the molecular mass of the
truncatedb-subunit, the SDS gel stained with Coomassie
Blue (Figure 2) shows a faint band running at the molecular
mass of theb-dimer. This band is not revealed by UV
illumination, implying that this small fraction of theb-subunit
is partly dimerized via a disulfide at Cys 62. The degree of
labeling was determined as described in Materials and
Methods. It resulted in approximately 40% for Alexa488,
20% for QSY, 73% for TR, and 65% for TMR.

Fluorescence Correlation Spectroscopy.In earlier work
we used FCS to measure the diffusion coefficient of labeled
EF1, and we were able to detect conformational changes of
EF1 induced by substrate binding (37). Here we use this
technique to estimate the binding strength of theb-subunit
to EF1. In the first FCS experiments we noticed a strong
time dependency of the number of fluorescing molecules
when the same concentration of labeled protein was used.
One possibility for this effect is that at low concentrations
the adsorption of the protein to the glass surface of the
microscope slide plays a significant role.

To clarify this effect, we monitored the fluorescence
autocorrelation functions at different times after addition of
85 µL of EF1-γT106C-TMR (5 nM) in buffer B on a
microscope slide. Figure 3, inset, shows the recorded
autocorrelation functions. Its reciprocal amplitude is pro-
portional to the number of fluorescing molecules in the
confocal detection volume (see eq 1), and this number is
plotted in Figure 3 as a function of time. There is a strong
decrease of the average number of molecules (half-life time
approximately 10 min) reaching a constant value after about
90 min. Since the initial concentration of EF1-γT106C-TMR
was 5 nM, the final concentration after 90 min corresponds
to 0.5 nM, the difference being adsorbed at the glass surface.
A similar effect has been reported in FCS studies of the
isolatedδ-subunit (19).

To determine the binding of theb-subunit to EF1, we
measured the following samples: (1)b34-156T62C-TMR,

FIGURE 1: Sedimentation equilibrium analysis of the dimerization
of b34-156. Sedimentation equilibrium experiments were carried out
at 20°C as described in Materials and Methods. The starting protein
concentration was 50µg/mL. Data shown were collected after
equilibration at rotor speeds of 20000 (circles), 25000 (triangles),
and 30000 (squares) rpm. Three independent data sets from each
rotor speed were globally fit to obtain the best value for the
dissociation constant. The solid lines show the distribution of protein
expected at each rotor speed for the fittedb value 1.8µM.

FIGURE 2: SDS gel electrophoresis of labeled of EF1 and the
b-subunit. Labeling of EF1γT106C with TMR and of the truncated
b34-156-subunit with Alexa488 was carried out as described in
Materials and Methods. The free dye was removed by two passages
through centrifugation columns, and 10µg of protein per lane was
used for the SDS-PAGE (15%). The unstained gel was documented
under UV light and then stained with Coomassie Blue. Lanes 1
and 3 show EF1γT106C-TMR and b34-156T62C-Alex488 after
Coomassie Blue staining; lanes 2 and 4 show the same lanes under
UV light.

FIGURE 3: Adsorption of EF1-γT106C-TMR. The FCS curves
were measured with F1-γT106C-TMR at different times (2.5-
120 min) after placing buffer B with [EF1-γT106C-TMR]0 ) 5
nM on the microscope slide (inset). The data collection time for
one curve was 30 s. The number of fluorescent molecules in the
confocal detection volume was calculated from the autocorrelation
functions and plotted as a function at time after the sample was
pipetted on the slide. The decrease reflects adsorption of the labeled
protein at the glass walls.

b-Binding to F1 Biochemistry, Vol. 43, No. 4, 20041057



(2) EF1 labeled with TMR, and (3)b34-156T62C-TMR in
the presence of unlabeled EF1. The fluorescence data were
collected within a time interval of 30 s, 3 min after addition
of the sample to the slide. We assume that under these
conditions the initial concentrations were not changed
significantly. The normalized autocorrelation functions are
collected in Figure 4. Distinct differences between the three
experiments, due to the different correlation times for
translational diffusion, are apparent.b34-156T62C exhibits the
shortest diffusion time, EF1 the longest diffusion time, and
the mixture of EF1 andb34-156T62C an intermediate value.
Since the autocorrelation data are normalized, these differ-
ences do not depend on the concentration of the fluorophore;
when they were measured at different times after addition
of the labeled protein to the microscope slide, the same result
was always obtained.

For a quantitative interpretation eq 1 was used. This
equation contains two diffusion terms, since we expect two
species (b34-156T62C-TMR and the complexb34-156T62C-
TMR/EF1) with different diffusion times. The equation has
an additional “bunching term”,A, that represents a dynami-
cally quenched state. This term is only necessary for a
description of the protein-bound fluorophore TMR as it
reflects a property of the fluorophore in the protein environ-
ment (37), whereas it was not used to fit FCS data of freely
diffusing rhodamine 6G.

The normalized fluorescence autocorrelation data in Figure
4 were fitted with eq 1. Forb34-156T62C-TMR and for EF1-
γT106C-TMR we used eq 1 withR ) 1. Results of these
fits are shown as solid lines in Figure 4, and the fit parameters
are collected in Table 1. The autocorrelation function of
b34-156T62C-TMR in the presence of 22 nM unlabeled EF1

was fitted with eq 1 using the fit parameters from the
autocorrelation function of the labeledb-subunit (Table 1).
For the diffusion timetD2, the value obtained from the EF1-
γT106C-TMR diffusion measurements was used (Table 1);
i.e., we assumed that the characteristic diffusion times of

EF1-γT106C-TMR and EF1-bT62C-TMR are identical.
With these assumptions, only the fractionR and the total
number of fluorescent molecules in the confocal volumeNF

are free parameters in the fit.
Analysis of Fluorescence Correlation Spectroscopy Data.

From these data we calculated theKd for binding of
b2-subunits to F1 using the following general reaction scheme,
which allows for the potential binding of both the monomeric
and dimeric forms of subunitb to F1.

With these definitions we obtain

FCS data do not allow us to distinguish different fluores-
cent species. We can only distinguish between two groups
of molecules, one with a short diffusion time, i.e.,b andb2,
and one with a long diffusion time, i.e.,bF1 andb2F1. The
total concentration of fluorescent moleculesNT is given by

The fractionR of fast diffusing molecules is

Correspondingly, the fraction of slowly diffusing mol-
ecules is

Using eqs 2-9 the equilibrium concentrations of all species
can be expressed as functions of the initial concentrations,
[b]0 and [F1]0, R, [NT], K1, and the ratioK4/K3 (see Appendix
A).

FIGURE 4: Fluorescence correlation spectroscopy of EF1-γT106C-
TMR andb34-156T62C-TMR. Fluorescence autocorrelation func-
tions were measured withb34-156T62C-TMR (closed circles), with
EF1-γT106C-TMR (crosses), and withb34-156T62C-TMR in the
presence of unlabeled EF1 (open circles) within 3 min after addition
to the slide. The concentrations ofb34-156-T62C-TMR, of EF1-
γT106C-TMR, and of unlabeled EF1 were 0.5, 5, and 22 nM,
respectively. All proteins were dissolved in buffer B. The data were
fitted with the autocorrelation function (eq 1) (solid lines) as
described in Materials and Methods. The fit parameters are collected
in Table 1.

Table 1: Results of the Fluorescence Correlation Spectroscopy Data
Analysis

compound
tD1

(ms)
tT

(µs) T A
tA

(ms)
tD2

(ms) R

bT62C-TMR 0.78 2.5 0.24 0.16 0.12 0 1
EF1-γT106C-TMR 1.59 2.5 0.27 0.19 0.13 0 1
bT62C-TMR + EF1 0.78a 2.5a 0.24a 0.16a 0.12a 1.59b 0.48

a Data from bT62C-TMR diffusion. b Data from EF1-γT106C-
TMR diffusion.

K1 ) [b]2/[b2] (2)

K2 ) [b2][F1]/[b2F1] (3)

K4 ) [b][F1]/[bF1] (4)

K3 ) [b][bF1]/[b2F1] (5)

K1K2 ) K3K4 ) Kp ) [b]2[F1]/[b2F1] (6)

[NT] ) [b] + [b2] + [bF1] + [b2F1] (7)

R )
[b] + [b2]

[NT]
(8)

1 - R )
[bF1] + [b2F1]

[NT]
(9)

1058 Biochemistry, Vol. 43, No. 4, 2004 Diez et al.



The initial concentrations in the experiment shown in
Figure 4 were [b]0 ) 0.5 nM and [F1]0 ) 22 nM. From
analysis of the FCS data we obtainedR ) 0.48 (see Table
1), and K1 is known from the sedimentation equilibrium
analysis to be 1.8µM. The only unknown parameters are
[NT] andK4/K3. By choosingK4 /K3 ) 1 (no cooperativity)
andK4/K3 ) 10 (positive cooperativity), [NT] ) 0.496 and
[NT] ) 0.340 are obtained from eq A8. WithK4/K3 ) 0.1
(negative cooperativity) there was no solution. Equilibrium
concentrations of all species were calculated with [NT] )
0.496 and [NT] ) 0.340, from whichK2 ) 0.2 and 0.002
nM, respectively, were obtained. These data indicate sig-
nificant binding of theb34-156T62C-TMR dimer to EF1 at
nanomolar concentrations.

Steady-State Fluorescence Measurements.During mea-
surements of fluorescence spectra of labeled EF1, we noticed
that its fluorescence was partially quenched upon addition
of the b-subunit. In our first series of measurements we
observed a large scattering of the data, especially at lowb
concentrations. One effect that must be taken into account
is the adsorption of protein at the surface of quartz cuvettes
and the fact that relative fluorescence change due to this
adsorption increases with decreasing concentration of the
fluorescence labeled protein. To obtain reproducible results,
the procedure given in Materials and Methods had to be
followed very strictly.

In Figure 5 the fluorescence spectra of EF1-γT106C-
Alexa488 in the presence of increasing concentrations of
b34-156T62C-TR are shown. The fluorescence intensity at
518 nm decreased with increasingb concentration. The
decrease saturated at highb concentrations, indicating that
it was due tob-subunit binding to F1. Extrapolation to high
b concentrations indicated a maximal fluorescence decrease
of 1/3. In addition, a fluorescence increase at 610 nm was
observed due to the emission ofb34-156T62C-TR (data not
shown). The increase of fluorescence at 610 nm indicated a
certain efficiency of FRET between the EF1-γT106C-
Alexa488 and theb34-156T62C-TR as expected from a
Förster radius of approximatelyR0 ) 6.0 nm. Further analysis
of these data revealed that the fluorescence increase at 610
nm was only partly due to energy transfer and mainly
reflected a direct excitation ofb34-156T62C-TR at the
wavelength used for Alexa488 excitation.

Surprisingly, a fluorescence decrease was also observed
upon addition of unlabeledb34-156 and of the longer
b-subunit, b24-156. Extrapolation to highb concentrations
revealed in both cases a maximal fluorescence quenching
of about1/6 of the initial fluorescence (data not shown). The
reason for fluorescence quenching by the unlabeledb-subunit
is not clear. One possibility is a direct interaction of a
tryptophan in subunitb with Alexa488 bound at the
γ-subunit. Subunitb34-156 contains a tryptophan in the leader
sequence SYW, which was introduced to allow spectropho-
tometric measurement of the protein concentration, and
similarly, the nativeb-subunit contains a tryptophan at
position 26. We investigated fluorescence quenching of the
fluorophore Alexa488 by tryptophan in buffer A and
measured fluorescence intensities and fluorescence lifetimes
as a function of tryptophan concentration. The data could
be described by the Stern-Volmer equation, and their
evaluation showed that Alexa488 fluorescence is dynamically
quenched by tryptophan with a quenching constantK ) kqτ0

) 7.7 M-1 (lifetime of Alexa488 fluorescenceτ0 ) 3.9 ns;
rate constantkq ) 3.8× 109 M-1 s-1). In this work we have
taken advantage of the combined FRET and quenching effect,
resulting in the fluorescence decrease at 518 nm, as a measure
of b-subunit binding to F1.

Kinetics of b-Subunit Binding to F1. The kinetics of
b-subunit binding to EF1 could be followed by the kinetics
of fluorescence decrease. Figure 6 (upper panel) shows the
fluorescence ofb34-156T62C-Alexa488 and the effect upon
addition of EF1-γT106C-QSY. After a rapid decrease due
to dilution, the fluorescence intensity decreased more slowly,
indicating the binding of the labeledb34-156T62C-TR to F1-
QSY. The inset shows as a control the addition of the same
volume of buffer, where only the dilution effect is observed.
The fluorescence decrease due to binding was measured for
different EF1 andb concentrations. These data are shown in
Figure 6 (lower panel). Under these conditions, half-maximal
decrease was obtained after about 5 s.

Analysis of Steady-State Fluorescence Data.The relative
fluorescence decrease∆F/∆Fmax multiplied by [F1]0 was
calculated from the data in Figure 5 and plotted as a function
of initial b concentration (Figure 7). The data were initially
fitted with an arbitrary sigmoidal function. The best fit value
for theb concentration resulting in half-maximal fluorescence
decrease, [b(1/2)]0, was 67 nM. For a quantitative evaluation
of the data, we used two different models: In model 1 the
binding of the firstb-subunit leads to the same fluorescence
decrease as the binding of the secondb-subunit, and binding
of both monomers results in the same fluorescence decrease
as that ofb2 binding. In model 2 the binding of the first
b-subunit leads to the maximal fluorescence decrease; i.e.,
binding of the secondb-subunit does not contribute to
fluorescence decrease.

The relations between fluorescence decrease [F1]0 ∆F/
∆Fmax and the initialb concentration are derived in Appendix
B (eqs A15 and A16 for model 1 and eqs A20 and A21 for
model 2). Figure 7 (upper panel) shows the curves calculated
according to model 1 for differentK4/K3 ratios. The solid
line has been obtained forK4/K3 ) 1, the dashed curve for
K4/K3 ) 10, the dotted curve forK4/K3 ) 0.1, and the dot-
dashed curve forK4/K3 ) 0.01. In Figure 7 (lower panel)
curves were calculated according to model 2 for the same

FIGURE 5: Fluorescence spectra of EF1-γT106C-Alexa488 at
different concentrations of theb-subunit. EF1-γT106C was labeled
with Alexa488, and its fluorescence spectrum was recorded
(concentration 33 nM in buffer B, excitation at 488 nm). Different
concentrations ofb34-156T62C-TR in buffer B (up to 2.3µM) were
added.
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K4/K3 ratios. These data are collected in Table 2 with the
corresponding standard deviations from the experimental
data. The smallest standard deviation is observed at the ratio
K4/K3 ) 1 for model 1 andK4/K3 ) 0.1 for model 2, i.e.

and

For comparison we specifically labeled theδ-subunit of
the wild-type EF1 with TR and titrated F1δ-TR with b34-156-
T62C-Alexa488. Again a fluorescence decrease was ob-
served, but significantly higher concentrations ofb34-156-
T62C-Alexa488 ([b(1/2)]0 was about 500 nM) were necessary
to obtain the maximal fluorescence decrease. We conclude
that labeling of theδ-subunit impairs the binding ofb34-156

so that the dissociation constant is significantly increased
compared to the dissociation from nonlabeled EF1. Presum-
ably, the labeled cysteine in theδ-subunit is located at the
interface between theδ- and theb-subunit. If this is true,
labeling of this cysteine should not occur in the wild-type
holoenzyme EF0F1. Indeed, no labeling of theδ-subunit in

EF0F1 was observed under the same conditions as for labeling
theδ-subunit in EF1, consistent with the proposed interpreta-
tion. It is known that fluorescence labeling of theδ-subunit
occurs at Cys 140, which is located near the C-terminus (38,
39). This region has been shown to be near the binding site
for the b-subunit (40).

DISCUSSION

The interaction energy among the stator subunits of F0F1

is of special importance for the mechanism of ATP synthesis.

FIGURE 6: Kinetics of b-subunit binding to EF1. Top: The
fluorescence intensity of labeledb34-156T62C-Alexa488 (660 nM
in buffer B) was measured at 518 nm. Att ) 150 s, EF1-γT106C-
QSY was added. The immediate decrease of the fluorescence is
due to the dilution, as shown in the inset where the same volume
of buffer B is added instead of F1. The slow decrease of fluorescence
indicates the binding ofb34-156T62C-Alexa488 to EF1-γT106C-
QSY. Bottom: Kinetics of the fluorescence changes at different
EF1-γT106C-QSY concentrations.

K1 ) 1.8µM, K2 ) 0.6 nM,K3 ) 33 nM,K4 ) 33 nM

(model 1)

K1 ) 1.8µM, K2 ) 14 nM,K3 ) 509 nM,K4 ) 51 nM

(model 2)

FIGURE 7: Relative fluorescence change of EF1-γT106C-Alexa488
at 518 nm as a function of the concentration ofb34-156-T62C-TR.
The relative fluorescence decrease of labeled EF1 (initial concentra-
tion 33 nM) was measured at 518 nm as a function of the initial
concentration ofb34-156T62C-TR. Data are from Figure 5 and
additional measurements. Both proteins were dissolved in buffer
B. The concentration ofb changes from 3 nM to 2.3µM. Curves
were calculated according to model 1 (eqs A15 and A17) (top)
and model 2 (eqs A20-A23) (bottom), respectively, with the
parameterK4/K3 ) 1 (solid line),K4/K3 ) 0.1 (dashed line),K4/K3
) 10 (dotted line), andK4/K3 ) 0.01 (dot-dashed line).

Table 2: Equilibrium Constants of the Binding of Subunitb to EF1
a

K4/K3 K2/nM K3/nM K4/nM σ

model 1 0.01 0.60 328 3.28 3.62× 10-3

0.1 0.60 104 10.4 1.82× 10-3

1 0.60 33 33 1.78× 10-3

10 0.60 10.4 104 2.27× 10-3

model 2 0.01 130 4828 48 1.72× 10-3

0.1 14 509 51 1.55× 10-3

1 2.6 68 68 1.70× 10-3

10 1.04 13.7 137 2.24× 10-3

a The fluorescence decrease of EF1-γT106C-Alexa488 was mea-
sured and analyzed according to either model 1 or model 2 as described
in the text. The equilibrium constant for dissociation ofb2 wasK1 )
1.8 µM. Curves were calculated for different ratios ofK4/K3, andK2

was calculated from the fit or from eqs A18 and A22.σ is the root
mean square deviation calculated between the set of experimental points
and the calculated values.
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It has been proposed that the free energy derived from proton
translocation through the enzyme is transiently stored in
conformational energy of the protein (5). In particular, since
it was shown that theγ-subunit rotates with respect to the
R3â3 complex during ATP hydrolysis (41-43), it is generally
assumed that this energy is transiently stored in the elastic
deformation of theγ-subunit. Different models have been
discussed. Some authors have favored a mechanism in which
the energy of the three to four protons required for synthesis
of one ATP molecule is stored as a whole in theγ-subunit
until it is transduced to the catalytic site for ATP synthesis
(19, 44). This mechanism requires that the interaction of
stator subunits must be at least as strong to withstand the
highest energy necessary to release ATP, or intrinsic
uncoupling will occur. Since the highest∆G observed in
ATP synthesizing organelles is approximately 50-55 kJ
mol-1, the interaction energy between the second stalk and
the remaining stator subunits should be higher than 50-55
kJ mol-1. Alternatively, other authors suggest that the energy
of the proton gradient is transduced to the catalytic site in a
gradual manner (45, 46), in which case the elastic torque
stored in theγ-subunit would not need to be higher than
that involved in each single step. According to Oster and
Wang (45), the gradual energy transduction is essential for
explaining the high transduction efficiency calculated for the
ATP synthase.

The second, or peripheral, stalk of EF0F1, constituted by
the δ- andb2-subunits, has two interfaces to the remaining
subunits of EF0F1, one within the membrane (with theac9-14

subcomplex) and one outside the membrane (with theR3â3

subcomplex). Both of them need to resist the elastic strain
transiently stored in theγ-subunit. In this work we have
investigated the interaction outside the membrane. Theδ
subunit binds to the N-terminal regions of theR-subunits
near the top of the enzyme (24). The polar region ofb2 binds
to δ (21, 22) but also interacts directly withR3â3 (23). These
latter interactions may provide an important part of the
overall binding energy ofb2. The most critical binding
parameters regarding the second stalk are therefore those
describing the interaction ofb2 with F1-ATPase, which
includes the δ-subunit. We were able to address this
interaction specifically, avoiding contributions of other parts
of F0 with F1, by using the soluble form ofb lacking the
membrane-binding domain. The solubleb2 protein is capable
of competing with F0 for binding to F1 (20), implying that it
binds to F1 in the normal way; chemical cross-linking
analysis also supports this idea (23). In the soluble form
lacking the membrane-spanning domains, however,b exists
in a monomer-dimer equilibrium (34). By careful measure-
ment of the dimerization constant under conditions similar
to those used for studying the interaction ofb with F1, this
equilibrium has been incorporated into our calculations of
the dissociation constant of theb2-F1 complex.

The binding of the soluble portion of theb-subunit to
isolated EF1 has been monitored by FCS and steady-state
FRET. Fluorescence correlation spectroscopy was used to
determine the diffusion times of EF1-γT106C-TMR and
b34-156T62C-TMR. In a mixture of 0.5 nMb34-156T62C-
TMR and 22 nM unlabeled EF1, species with two different
diffusion times were found. We interpreted the freeb34-156-
T62C-TMR and its dimer as the species with the short
diffusion time and the labeledbF1 and b2F1 complexes as

the species with the longer diffusion time. Under these
experimental conditions, approximately half ofb34-156T62C-
TMR was bound to EF1, which allowed us to evaluate a
dissociation constantK2 of 0.2 nM.

The binding of the labeledb34-156T62C-TR to EF1-
γT106C-Alexa488 leads to a decrease of the FRET donor
fluorescence intensity at 518 nm, and this has been used to
determine the dissociation constant. Extrapolation to highb
concentrations indicated a decrease of one-third of the
fluorescence. However, when the unlabeledb34-156T62C was
used for binding, extrapolation to highb concentrations
indicated that maximally one-sixth of the fluorescence of
theγ-labeled EF1 can be quenched in the absence of a FRET
acceptor. The reason for this effect might be a dynamic
quenching of the fluorophore at theγ-subunit by the Trp in
theb-subunit. Alternatively, the fluorescence quenching upon
b-subunit binding could also be caused by conformational
changes transmitted to theγ-subunit from theb2/R3â3

interface resulting in a decrease of fluorescence quantum
yield.

The fluorescence decrease of EF1-γT106C-Alexa488 with
increasing concentrations ofb34-156T62C-TR has been
analyzed assuming binding equilibria between all species.
The curves shown in Figure 7 (top) have been obtained with
the assumption that the speciesbF1 shows half of the decrease
relative to theb2F1 species (model 1, eq A14). The value of
1.8µM for K1, determined by analytical ultracentrifugation,
has been used in all calculations, leaving as the only unknown
parametersK2 and the ratioK4/K3 (the value of the fourth
equilibrium constant results from the necessary condition that
K1K2 ) K3K4). On the basis of theb concentration required
for half-maximal decrease (see Figure 7), it resultedK2 )
0.6 nM withK4/K3 ) 1. ThisK4/K3 ratio generated the curve
with the smallest standard deviation from the experimental
data. Under the alternative assumption that binding of the
first b-subunit leads to full fluorescence decrease (model 2),
eq A19 was obtained. The lines in Figure 7 (bottom) have
been calculated using this assumption andK1 ) 1.8 µM.
The standard deviation in this case showed a minimum for
the ratioK4/K3 ) 0.1, resulting inK2 ) 14 nM. These data
favor a model with no, or a negative, cooperativity for
binding of the secondb-subunit.

In conclusion, according to our data, the dissociation
constant for the truncated, dimericb34-156 subunit binding
to EF1, K2, is between 0.2 and 14 nM. With∆G° ) -RT ln
K2 we obtain Gibbs free energies of binding between-55
and -45 kJ mol-1. These values are similar or below the
Gibbs free energy of ATP synthesis in vivo. While it is
possible that the anchoring of the normalb2 in the membrane
may affect the affinity for F1 in a way that has not been
accounted for in this analysis with solubleb, the similarity
of the interactions of the two forms ofb with F1 implies
that any such effect will be small. Indeed, after cross-linking
theγ-subunit to the soluble portion ofb2 in the thermophilic
bacterium PS3, theb2/R3â3δ interface was shown to with-
stand the torque induced in theγ-subunit by ATP hydrolysis
(25).

For a coupled mechanism of elastic strain transduction it
is expected that the binding energy of theb2-subunit is
significantly higher than each step in the mechanochemical
mechanism leading to ATP synthesis. Our data show that
the binding energy ofb2 to F1 is of similar magnitude or
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smaller than the free energy of ATP synthesis. In current
models of rotational catalysis, energy is transduced stepwise
from rotation of thec-ring into elastic strain of theγ-subunit.
Our observation favors models in which the process of
energy transduction from theγ-subunit to the catalytic sites
in F1 is subdivided into smaller steps, each involving smaller
amounts of free energy. During ATP hydrolysis at least two
substeps (within the 120 deg rotary steps per ATP) of the
γ-subunit have been observed with single-molecule spec-
troscopy (47), associated with binding of ATP, catalytic
reaction, and release of ADP and phosphate from the catalytic
sites. A similar stepwise rotation of theγ-subunit has been
detected by a single-molecule FRET approach during ATP
synthesis (13), providing the first hints for substeps. The
present data suggest that each of these rotational substeps
involves energy transduction to the catalytic sites.

APPENDIX

(A) Calculation of the Equilibrium Constant K2 from FCS
Data. The equilibrium constant ofb2 dissociation is given
by eq 2. From eq 8 we obtain [b2] ) R[NT] - [b].
Substituting this into eq 2 and solving for [b] gives

The mass balance for theb-subunit is given by

With [b2] from eq 8 and [b2F1] from eq 9 we obtain from eq
A2

The mass balance for F1 is given by

With [b2F1] + [bF1] ) (1 - R)[NT] (eq 9) we obtain

The ratio of the equilibrium constantsK4 (eq 4) andK3 (eq
5) is given by

We substitute into eq A6 [F1] by eq A5, [b2F1] by eq 9, and
solve for [bF1]:

We substitute eq A7 and eq A1 into eq A3 and we obtain
eq A8, which contains the initial concentrations [b]0 and [F1]0,
the fraction of molecules with the short diffusion time,R,
the equilibrium constantK1, the ratio of equilibrium constant
K4/K3, and the total concentration of fluorescent molecules
[NT]:

(B) Calculation of the Equilibrium Constant K2 from
Fluorescence Decrease.We substitute eqs A2 and A4 into
eq 6 and we obtain

From eqs 3 and A4 we obtain

By inserting eq A10 into eq A9 we obtain after rearrange-
ment:

The maximal fluorescence decrease is observed when all F1

contains two boundb-subunits:

In the following we discuss two models for fluorescence
decrease:

(1) The binding of the firstb-subunit leads to the same
fluorescence decrease as the binding of the secondb-subunit,
which also means that the fluorescence decrease obtained
by sequential binding of twob-subunits is identical to that
by binding ofb2:

From eqs A12 and A13 we obtain

By substituting [b2F1] from eq A14 into eq A11, we obtain
after rearrangement:

The unknown parameters in eq A15 areK1, K2, and [bF1].

[b] ) -1/2K1 ( 1/2xK1
2 + 4RK1[NT] (A1)

[b]0 ) [b] + 2[b2] + [bF1] + 2[b2F1] (A2)

[b]0 ) 2[NT] - [b] - [bF1] (A3)

[F1]0 ) [F1] + [bF1] + [b2F1] (A4)

[F1]0 ) [F1] + (1 - R)[NT] (A5)

K4

K3
)

[F1][b2F1]

[bF1]
2

(A6)

[bF1] ) (2K4

K3
)-1[([NT](1 - R) - [F1]0) ( [([F1]0 - (1 -

R)[NT])2 + 4
K4

K3
(1 - R)[NT]([F1]0 - [NT](1 - R))]1/2]

(A7)

[b]0 - 2[NT] + 1
2
(-K1 + [K1

2 + 4RK1[NT]] 1/2) +

(2K4

K3
)-1[([NT](1 - R) - [F1]0) ( [([F1]0 -

(1 - R)[NT])2 + 4
K4

K3
(1 - R)[NT]([F1]0 -

[NT](1 - R))]1/2] ) 0 (A8)

Kp )
([b]0 - 2[b2] - [bF1] - 2[b2F1])

2([F1]0 - [bF1] - [b2F1])

[b2F1]
(A9)

[b2] )
K2[b2F1]

[F1]0 - [bF1] - [b2F1]
(A10)

Kp ) ([b]0[F1]0 - ([b]0 + 2[F1]0 + 2K2)[b2F1] +

3[b2F1][bF1] - ([b]0 + [F1]0)[bF1] + 2[b2F1]
2 + [bF1]

2)2/

{[b2F1]([F1]0 - [b2F1] - [bF1])} (A11)

∆Fmax ∼ [b2F1]max ∼ [F1]0 (A12)

∆F ∼ 1
2
[bF1] + [b2F1] (A13)

∆F
∆Fmax

[F1]0 ) 1
2
[bF1] + [b2F1] ) A (A14)

K1K2(A -
[bF1]

2 )([F1]0 - A -
[bF1]

2 ) )

[[b]0[F1]0 - ([b0] + 2[F1]0 + 2K2)A + 2A2 +

(A + K2 -
[b]0

2 )[bF1]]2

(A15)
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By combining eq A2 through eq A6, the concentration of
[bF1] can be expressed as a function ofA and of theK4/K3

ratio as follows:

In eq A16 the unknown parameter is the ratioK4/K3. [F1]0

and [b2]0 are known andA is measured.
At the half-maximal fluorescence decrease, when

eq A15 simplifies to

where [b(1/2)]0 is the initialb concentration at half-maximal
fluorescence decrease, and its value is obtained from the data
in Figure 7; i.e., [b(1/2)]0 ) 67 nM.

From eq A17 we obtain forK2

Therefore, if K1 is known, K2 can be obtained from the
known [F1]0 and [b(1/2)]0 values. The equilibrium constant
K1 was found to be 1.8µM, and we obtain from eq A18K2

) 0.6 nM.
(2) The binding of the firstb-subunit leads to maximal

fluorescence decrease; the binding of the secondb-subunit
does not contribute to fluorescence decrease. This implies
that binding of b or b2 leads to the same fluorescence
decrease.

In this case we obtain instead of eq A14 the equation:

By substituting [bF1] from eq A19 into eq A11 we obtain

The unknown parameters in eq A20 areK1, K2, and [bF1].
By combining eq A2 through eq A6, the concentration of

[bF1] can be expressed as a function ofA and of theK4/K3

ratio as follows:

WhenA ) 1/2[F1]0, we obtainK2 from eqs A20 and A21 as
a function ofK1, the ratioK4/K3, [F1]0, and [b(1/2)]0, i.e.

with

With K1 ) 1.8 µM and [b(1/2)]0 from the data in Figure 7,
we obtainK2 from eq A22 as a function of theK4/K3 ratio.
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[bF1] )
[F1]0 - x[F1] 0

2 - 4A([F1]0 - A)(1 - 4K4/K3)

1 - 4K4/K3
(A16)

A ) ∆F
∆Fmax

[F1]0 ) 1
2
[F1]0

Kp ) K1K2 ) ([b(1/2)]0 - [F1]0 - 2K2)
2 (A17)

K2 ) [-(4[F1]0 - 4[b(1/2)]0 - K1) + [(4[F1]0 -

4[b(1/2)]0 - K1)
2 - 16([b(1/2)]0 - [F1]0)

2]1/2]/8 (A18)

∆F
∆Fmax

[F1]0 ) A ) [bF1] + [b2F1] (A19)

K1K2(A - [bF1])([F1]0 - A) ) [[b]0[F1]0 - ([b]0 +

2[F1]0 + 2K2)A + ([F1]0 - A + 2K2)[bF1] + 2A2]2

(A20)

[bF1] )

[A - [F1]0 + [([F1]0 - A)2 + 4
K4

K3
A([F1]0 - A)]1/2]/2K4

K3

(A21)

K2 ) [(4[b(1/2)]0 + K1 + 4(C - 1)[F1])0 + [K1
2 +

8[b(1/2)]0K1 + 8(C - 1)[F1])0K1]
1/2/8(1 - 2C) (A22)

C )
-1 + [1 + 4

K4

K3
]1/2

4
K4

K3

(A23)

b-Binding to F1 Biochemistry, Vol. 43, No. 4, 20041063



20. Dunn, S. D. (1992) The polar domain of theb subunit of
Escherichia coliF1F0-ATPase forms an elongated dimer that
interacts with the F1 sector,J. Biol. Chem. 267, 7630-7636.

21. Dunn, S. D., and Chandler, J. (1998) Characterization of ab2δ
complex fromEscherichia coliATP synthase,J. Biol. Chem. 273,
8646-8651.

22. Rodgers, A. J., and Capaldi, R. A. (1998) The second stalk
composed of theb- and δ-subunits connects F0 to F1 via an
R-subunit in theEscherichia coliATP synthase,J. Biol. Chem.
273, 29406-29410.

23. McLachlin, D. T., Coveny, A. M., Clark, S. M., and Dunn, S. D.
(2000) Site-directed cross-linking ofb to theR, â, anda subunits
of theEscherichia coliATP synthase,J. Biol. Chem. 275, 17571-
17577.

24. Wilkens, S, Zhou, J, Nakayama, R., Dunn, S. D., and Capaldi, R.
A. (2000) Localization of theδ subunit in theEscherichia coli
F1F0-ATPsynthase by immuno electron microscopy: theδ subunit
binds on top of the F1, J. Mol. Biol. 295, 387-391.

25. Suzuki, T., Suzuki, J., Mitome, N., Ueno, H., and Yoshida, M.
(2000) Second stalk of ATP synthase. Cross-linking ofγ-subunit
in F1 to truncated F0 b subunit prevents ATP hydrolysis,J. Biol.
Chem. 275, 37902-37906.

26. Aggeler, R., and Capaldi, R. A. (1992) Cross-linking of theγ
subunit of theEscherichia coliATPase (ECF1) via cysteines
introduced by site-directed mutagenesis,J. Biol. Chem. 267,
21355-21359.

27. Gogol, E. P., Aggeler, R., Sagermann, M., and Capaldi, R. A.
(1989) Cryoelectron microscopy ofEscherichia coliF1 adeno-
sinetriphosphatase decorated with monoclonal antibodies to
individual subunits of the complex,Biochemistry 28, 4717-4724.

28. Turina, P., and Capaldi, R. A. (1994) ATP hydrolysis-driven
structural changes in theγ-subunit ofEscherichia coliATPase
monitored by fluorescence from probes bound at introduced
cysteine residues,J. Biol. Chem. 269, 13465-13471.

29. Gill, S. C., and von Hippel, P. H. (1989) Calculation of protein
extinction coefficients from amino acid sequence data,Anal.
Biochem. 182, 319-326.

30. McLachlin, D. T., and Dunn, S. D. (1997) Dimerization interac-
tions of theb subunit of theEscherichia coliF1F0-ATPase,J.
Biol. Chem. 272, 21233-21239.

31. Aitken, A., and Learmonth, M. P. (2003) inThe Protein Protocols
Handbook(Walker, J. M., Ed.) 2nd ed., pp 3-6, Humana Press,
Totowa, NJ.

32. Zamyatin, A. A. (1984) Amino acid, peptide, and protein volume
in solution,Annu. ReV. Biophys. Bioeng. 13, 145-165.

33. Widengren, J., Mets, U¨ ., and Rigler, R. (1995) Fluorescence
correlation spectroscopy of triplet states in solution: a theoretical
and experimental study,J. Phys. Chem. 99, 13368-13379.

34. Revington, M., McLachlin, D. T., Shaw, G. S., and Dunn, S. D.
(1999) The dimerization domain of theb subunit of theEscheri-
chia coli F1F0-ATPase,J. Biol. Chem. 274, 31094-31101.

35. Revington, M., Dunn, S. D., and Shaw, G. S. (2002) Folding and
stability of theb subunit of the F1F0 ATP synthase,Protein Sci.
11, 1227-1238.

36. Del Rizzo, P. A., Bi, Y., Dunn, S. D., and Shilton, B. H. (2002)
The “second stalk” ofEscherichia coliATP synthase: structure
of the isolated dimerization domain,Biochemistry 41, 6875-6884.
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