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Summary

The enzyme H+-ATP synthase (F^-AIP synthase) couples two internal motors
mechanIcally We bind two markers to the enzyme to observe rotation of the
two motors, that is, the ATP-driven Fx motor with three 120° steps äs well äs
the proton-driven F0 motor with lOsubsteps.Thecontinuousdistance moni-
toring between thetwo markers isaccomplished byfluorescence resonance
energytransfer (FREI) in a single, liposome-embedded HT-ATP synthase.The
distance changes in the nanometer ränge determine the step size of the pro-
cesses. New fluorophores (CdSe quantum dots, fluorescent nanodiamonds
and photostabile perylene) were evaluated to reveal the step size of 36° dur-
ing rotation of the proton-driven F0 motor for the firsttime, that is, 10 single
steps per füll rotation.

Using our "duty cycle- optimized alternating laser excitation" approach
we provedthat both FREI donorfluorophore and FRETacceptorfluorophore
were present in each single molecule. Thus, spectral fluctuations of the FREI
donor causing FREI artifacts in single-molecule detection were minimized.
To extract distances and the respective changes within a single molecule in
an unbiased way, we developed a new software-based data analysis method
using Hidden Markov Models (HMM). HMMs can be applied to F0 motor stud-
ies äs well äs ATP-driven rotation within the ^l motor utilized to determine
the local ATP concentration. ATP-dependent rotation was measured by video
microscopy using nano particles (nanodiamonds or polystyrene beads) bound
totheysubunit in surface-attached Frparts.

To control the H+-ATP synthase we have combined confocal microscopy
with three-dimensional positioning of a nanoelectrode. Thus, the local pH
can beadjusted by a chemical reaction atthetipofthe nanoelectrode. Alter-
natively, we have evaluated optical traps for proteoliposomestoturn on ATP
synthesis spatially.
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l Introduction

Enyzmesarethe biological nanomachineswhich catalyzechemical reactions
atambienttemperatures.Theyworkineverycelland many usean ubiquitous
small molecule adenosinetriphosphate (ATP) äs the energycurrency. Biologi-
cal transporters like myosins and kinesin äs well äs ion pumps use ATP to move
cargo against a concentration gradient or unidirectionally against random
Brownian motion. The usable energy in ATP is stored in the terminal ester
bond, which gets hydrolyzed and the released products are ADP (adenosine
diphosphate) and phosphate. A human organism needsabout 70kg ATP per
day and, therefore, ATP cannot be taken up by eating. Instead, the hydrolysis
products ADP and phosphate have to be recycled within each cell or organ-
ism. The machine which accomplishes thisformation of ATPfrom ADP and
phosphates is called F0FrATP synthase (H+-ATP synthase).

F0FrATP synthases are large multi subunit enzymes in the membranes of
bacteria, the inner mitochondrial membranes or in the thylacoid membranes
of plant cells, respectively. The F^-ATP synthases are about 20 nm in height
and 5 to 10 nm in diameterfl]. In general, they consist of the protruding Fx

part with the three catalytic binding sites for ATP, ADP and phosphate, and
the F0 part which is embedded in the lipid membrane. The total number of
subunits is depending on the organism. For the bacterial enzyme from Esch-
erichio coli, the \l part consists of five different subunits with the stoichi-
ometry a3ß3yöe. The F0 part comprises subunits ab2clo. The driving force for
ATP synthesis by the £ coli F^-ATP synthase is an electrochemical potential
difference of protons across the membrane[2]. How is the Gibbs free energy
äs the driving force transducedto the chemical synthesis reaction within the
enzyme? Conformational changes in the catalytic nucleotide binding sites
alter the binding affinities of Substrates and products äs proposed by the
"binding change mechanism"[3], and the conformational changes are induced
by mechanical movements.

FoF^ATP synthases are rotary motors, and each of the two parts is a rotary
nanomotor by itself[4, 5]. Both motors are directly connected, but drive the
opposite direction of the catalytic reaction between ATP and ADP plus phos-
phate[6-9]. Hydrolysis of ATP produces torque in the Fx motor, which is ac-
complished byavery high conversion efficiencyof chemical into mechanical
energy[10].TheefficiencyapproacheslOO percent. The rotary motion of the
ATP-driven Fx motor was demonstrated biochemicallyfll], usingfluorescence
anisotropy[12], and, mostconvincingly, by video microscopyof singlesurface-
bound FjlO]. Therefore, fluorescent [im-long actin filaments or polystyrene
beads were attached äs markers to the rotating y subunit in Fx. At high ATP
concentrations, i.e. in the millimolar ränge, the y subunit rotated in 120° steps.




