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ABSTRACT

Life depends on chemical energy in the form of adenosinetriphosphate
(ATP), most of which is produced by the F;F, ATP synthase, a rotary
nanomachine. Here, we report new insights into the torque-generating
mechanism by the membrane-embedded F, motor. High coupling ion
concentrations on the ion entrance side are required to prepare the
motor for rotation. In the absence of this condition, the motor is in a
resting state, where the stator arginine is assumed to form a complex
with the conserved carboxyl group of an empty rotor site. At high
coupling ion concentrations, however, the motor switches into a mobile
state, in which an incoming coupling ion has displaced the arginine and
has formed a new complex with the rotor site. At appropriate driving
forces, the ion dissociates from the next incoming rotor site and es-
capes into the cytoplasmic reservoir of the membrane. The resulting
negatively charged site is attracted by the positively charged arginine,
which elicits rotation and generates torque.

INTRODUCTION

Life is dependent on a continuous input of energy. Light or nutrients serve as external energy
source which is converted into the cell intrinsic energy currency ATP. In order to do so,
photosynthetic reaction centres in specific membranes of green plants or phototrophic bac-
teria harvest the light to transfer electrons and protons across the membrane and thereby
generate an electro-chemical proton gradient. Animals and heterotrophic bacteria use energy
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from the combustion of nutrients for proton translocation by respiratory enzymes to generate
an electrical potential across the membrane, while certain anaerobic bacteria dispose of
membrane-bound Na'-translocating decarboxylases to carry out this task [1]. The free
energy thus stored in the charged membranes is used by the universal F{F, ATP synthase
to combine ADP and phosphate to ATP, thereby conserving the energy in its terminal
pyrophosphate bond (Figure 1). Upon hydrolysis of this bond, the stored energy is released
and can be used to drive numerous energy-consuming cellular reactions, e.g. biosynthesis of
many cellular compounds, ion transport, motility, signal transduction, etc.. Hence, contin-
uous cycling between ATP synthesis and hydrolysis is a prerequisite to fulfil the cell’s
energy needs. The dimension of this cell energy cycle is astounding, amounting to a daily
turnover of 50 kg ATP in a human on average.
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Figure 1. lon cycling across biological membranes leading to ATP synthesis (mod-
ified from [5]). Chloroplasts and phototrophic bacteria convert light energy into an
electrochemical proton gradient across the membrane. In heterotrophic organisms like
animals or bacteria the metabolism of nutrients generates reducing equivalents
(NADH, succinate) that are reoxidized by the respiratory chain enzymes using oxygen
as terminal electron acceptor. The free energy is converted into an electrochemical
gradient of protons across the membrane. The anaerobic bacterium P. modestum
couples the decarboxylation of methylmalonyl-CoA to electrogenic Na'-transport.
The electrochemical H" or Na* gradients established by these membrane-bound com-
plexes serve as energy source for ATP synthesis from ADP and inorganic phosphate
by an F,F, ATP synthase.

The ATP synthase is a miniature machine composed of two rotary motors, F; and F,, which
are mechanically connected to assure energy exchange amongst them [2 —5]. The F; motor
is a water soluble protein complex which displays the following subunit composition o3, B3,
v. 8, €. The F, motor is membrane-embedded and exists in its simplest form as subunits a,
b,, and cyg.15 (Figure 2). In the ATP synthesis mode, the F, motor converts the electro-
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chemical gradient of H" or Na' ions into torque, enabling the F; motor to act as an ATP
generator. In the ATP hydrolysis mode, F; converts the chemical energy of ATP hydrolysis
into torque, causing the membrane-embedded F, motor to act as an ion pump. Generally, the
F, motor generates the larger torque and forces the F; motor to function in ATP synthesis
direction. In most eukaryotes and some bacteria, the hydrolysis mode is tightly regulated or
blocked to avoid unnecessary energy waste. However, in fermenting bacteria, when the
respiratory enzymes are not active, the F; motor hydrolyses ATP to employ the F, motor
to generate the membrane potential which is indispensable for every living cell.

Cytoplasm

:
?

Periplasm

Figure 2. Organization of a bacterial F|F, ATP synthase (modified from [5]). The
structures of individual sub-complexes were taken from RCSB Protein Data Base and
assembled by eye according to biochemical data. The structures used were from the ¢
ring of 1. tartaricus (1CYE), the F; organization of E. coli (1INV), the  subunit of E.
coli (2A7U), the peripheral stalk from bovine mitochondria (2CLY) and the membra-
nous part of subunit b of E. coli (1IB9U). No high resolution structural data are
available for subunit a and the hinge region of subunit b. The picture was created
using Pymol (DeLano Scientific LLC).
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The crystal structure of F; from bovine heart mitochondria revealed a hexameric assembly of
alternating o, and [ subunits around an eccentric o-helical coiled-coil ¥ subunit [6]. The
catalytic centre consists of three nucleotide binding sites on the [ subunits at the interface
with the o subunits. At any one time each of these sites is in a different conformation and
performs a different task in the synthesis or hydrolysis of ATP. The actual conformation of a
site depends on its specific interaction with the y subunit which changes upon rotation of y in
a coordinated sequence. Each site thus cycles through the same set of open and closed
conformations with the corresponding functions in the uptake, processing and release of
nucleotides [7].

Kinetic details of the binding change mechanism have been revealed from single molecule
studies with isolated F; molecules. Thereby, the y subunit was observed to rotate in discrete
steps of 120° for each ATP molecule hydrolyzed [8]. Under limiting ATP concentrations, the
120° rotation can be divided into 80° and 40° sub-step rotations, associated with ATP
binding and ATP hydrolysis followed by product release, respectively [9, 10]. Single mole-
cule experiments were also performed with the intact FF, ATP synthase reconstituted in
lipid vesicles [11, 12]. Here, compiled by the subunits 7, € and the c;(.;5 ring the rotor turns
counter clockwise in the ATP hydrolysis direction and clockwise in the ATP synthesis
direction, when viewed from the F, domain. When proteoliposomes prepared with FF,
from Escherichia coli were properly energized for ATP synthesis, the rotor turned with a
stepping size of 36°, reflecting a stepping motion for each individual ¢ subunit in the
oligomeric c;q ring [13].

THE F, MOTOR

The rotary F, motor of the ATP synthase obtains its driving force from an electrochemical
ion gradient across the membrane. The only other ion-driven rotary motors in nature are the
A, portion of archaeal A;A, ATPases, the V, portion of vacuolar V|V, ATPases and the
flagellar motor. While A, and V, are phylogenetically related to F,, the flagellar motor is
much larger and has a different construction. The central element of the F, motor is an
oligomeric ring of 10— 15 copies of ¢ subunits. Each ¢ subunit consists of two membrane-
spanning o-helices that are connected by a hydrophilic loop on the cytoplasmic side of the
membrane. In the ¢ ring, the loop regions form an extensive area of contact, where the ring
combines with the foot of the central stalk subunits y and € to form the rotor assembly [14,
15]. At the periphery of the ¢ ring, the F, motor consists of subunits a and b,. Subunit a is a
very hydrophobic protein containing 5 or 6 membrane-spanning o-helices, which actively
participates in the ion translocation mechanism [16, 17]. The b subunits are anchored within
the membrane by an N-terminal o-helix and extend as the peripheral stalk all the way to the
head of the F; domain [18 —20]. Near their N-terminus, the b subunits contact the C-terminal
part of the ¢ subunits and the periplasmic loop of subunit a between helices 4 and 5. With
their C-terminal ends, the b subunits form a strong complex with the & and the o subunit and
thus serve to connect the stator parts of F, (a, by) with those of F; (a3, B3, 0). This
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connection is an important device to counter the tendency of the stator to follow the rotation
of the rotor. The X-ray structure of the mitochondrial peripheral stalk indicates that it is
rather rigid and therefore well suited for its anticipated function [21].

STRUCTURE OF C RINGS AND THEIR BINDING SITES

Na* binding sites

For a functional understanding of the F, motor, structural knowledge is essential. Hence, the
high resolution structure of the ¢ ring from the Na'-translocating ATP synthase of Ilyobacter
tartaricus was an important step towards this goal. In the X-ray structure at 2.8 A resolution
[22], the oligomeric ring with 11 subunits appears as an hourglass-shaped hollow cylinder
(Figure 2). The centre of the cylinder encloses a hydrophobic cavity which is filled with
phospholipids in the natural environment of the membrane [23]. Each ¢ monomer folds into
a helical hairpin with the loop at the cytoplasmic side and the termini at the periplasmic side
of the membrane. The N-terminal helices form a tightly packed inner ring with no space for
large side chains which is accounted for by a conserved motif of four glycine residues [24].
In addition, the tight packing of the glycines causes the inner ring of helices to narrow from
the cytoplasm toward the middle of the membrane. The 11 C-terminal helices of the outer
ring pack into the grooves of the inner ring in the cytoplasmic half of the protein. All helices
show a bend of about 20° in the middle of the membrane (at P28 and E65 in the N-terminal
and C-terminal helices, respectively), marking the narrowest part of the hourglass shape.
Eleven Na' ions are located here at their binding sites, facing toward the outer surface of the
¢ ring, which is consistent with cross-linking data [25].

With respect to the function, the most important insights derive from the structure of the ion
binding site. Each of the 11 Na' ions is bound at the interface of one N-terminal and two C-
terminal helices. The coordination sphere is formed by the side-chain oxygens of Q32 and
E65 of one subunit and of the side chain oxygen of S 66 plus the carbonyl oxygen of V63 of
the neighbouring subunit. A fifth Na' coordination site is provided by the oxygen of a
structural water molecule, which is held in place by donating hydrogen bonds to the
carbonyl oxygen of A64 and the side chain oxygen of T67 [26] (Figure 3a). The structure
of the ion binding site is remarkably similar to that of the larger k-ring from the V-ATPase of
Enterococcus hirae [27]. In this structure, all five Na' coordination sites are directly con-
tributed from the protein and structural water is not involved. The coordination sphere is
completed by a network of hydrogen bonds. The side chain oxygen of E65 which is
involved in Na" coordination also receives a hydrogen bond from the NH, group of Q32,
and the other oxygen of E65 receives hydrogen bonds from the OH groups of S66 and
Y70. These hydrogen bonds serve to keep E65 deprotonated at physiological pH in order to
allow Na' binding. The mutation Y70F, e.g., prohibits hydrogen bonding of Y70 with E65
and leads to a 30-fold decreased affinity for Na" [31]. The wild type arrangement, however,
creates a stable, locked conformation, from which horizontal transfer of the Na' ion to
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subunit a is prevented. In the subunit a/c interface, the conformation of the binding site must
therefore convert to an open one, to allow ion transfer between the binding site and subunit a
(see below).

Figure 3. View on the three types of ion binding sites in F-type ATP synthases. (a)
Na'+H,0 ion binding site in the c,;-ring of I tartaricus (2wgm). (b) H'-binding site
in the cys-ring of S. platensis (2wie). (¢) H'+H,O-binding in the cy3-ring of B.
pseudofirmus OF4 (2 x 2v). Every binding site is made up from residues of two
neighbouring subunits (brown and cyan). Amino acids involved in ion binding site
coordination are indicated. The hydrogen bonding network is indicated by dashed
lines. The Na' ion (yellow) and the water molecules (red) are shown as spheres. In
(b) The oxygen atom on Glu62 harbouring the H' is highlighted with Oy;.

Two different ion binding modes can be envisaged for the proton-translocating ATP
synthases. Either, the binding site involves several ligands to form a coordination sphere
for ion binding in analogy to that of the Na'-translocating ATP synthases. In this case, the
proton would be bound to water and the resulting hydronium ion would be coordinated.
Alternatively, the entire binding site could consist of just the conserved carboxylate allowing
protons to hop on and off in a group protonation type mechanism, as proposed in most F,,
motor models. The structure of the ¢, 5 ring from the H'-translocating ATP synthase from the
cyanobacterium Spirulina platensis [28] shows that its overall shape resembles that of the c
ring from I tartaricus. Intriguingly, the conformation of the conserved glutamate that is
essential for ion binding is stabilized by a hydrogen bonding network which is similar to that
of the Na” binding c-rings. As the authors point out, the conserved glutamate must be
protonated in the crystallization buffer at pH 4.3 and indeed, one oxygen atom (Og;) of this
glutamate appears to act as a hydrogen bond donor for the backbone carbonyl oxygen of F60
from the neighbouring subunit (Figure 3b). Hence, the pH 4.3 structure is in accordance to
the group protonated carboxylate that is expected at this acidic pH. However, it does not
provide any clues on whether the binding site glutamate remains in its group protonated
form at physiological pH values or participates in the coordination of a hydronium ion. To
discriminate between these options, the structure must be determined at neutral pH.
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Very recently, the c-ring structure of the alkaliphilic bacterium bacillus OF4 has been
determined from crystals grown at pH 4.3 and a water molecule is clearly visible in the
ion binding pocket (Figure 3¢) [29]. Furthermore, the F1-c10 structure from yeast suggests
the coordination of water because H-bonding as described above for the S. platensis c-ring is
not possible [30]. Interestingly, the yeast structure has been determined from crystals grown
at pH 7.5. Although it cannot be clarified from the existing binding site structures, if the
coupling proton is indeed coordinated as a hydronium ion, the presence of structured water
renders old models of simple protonation/deprotonation of the ion binding carboxylates
highly unlikely.

Besides this structural work, the mode of proton binding has been investigated by biochem-
ical techniques [31]. The well known modification of the binding site carboxylate with the
inhibitor N,N’-dicyclohexylcarbodiimide (DCCD) consumes a proton and can therefore be
used to monitor the proton availability at the binding site. The pH profile for DCCD
labelling of the ATP synthase from Halobacterium salinarium or I tartaricus in its H'-
translocation mode (in the absence of Na") showed a typical titration curve with maximum
labelling rates at pH 6 and below, half maximal labelling rates around pH 7, and no
detectable labelling at pH 8 and above. Hence, these enzymes show the expected behaviour
for a group protonation of the binding site carboxylate.

For the majority of the H-ATP synthases, including enzymes from E. coli, spinach chlor-
oplasts and bovine mitochondria, however, bell-shaped labelling pH profiles were observed
with maximum labelling rates between pH 7.5 and 9 and decreasing rates at lower or higher
pH values. These data are clearly not compatible with a simple group protonation of the
binding site. They would be consistent, however, with hydronium ion binding in the phy-
siological (neutral) pH range and a shift to group protonation at acidic pH, when the proton
concentration approaches the dissociation constant of the binding site carboxylate. The
decreasing labelling rates at acidic pH values may be related to the robust conformation of
the binding site seen in the group-protonated structure of the S. platensis c ring at pH 4.3
[28]. This may have an inferior reactivity for substitution by DCCD compared to the
conformation with a bound hydronium ion in the physiological near neutral pH range.
Higher labelling rates at pH 7 than at pH 5.5 or 10 were also observed with the S. platensis
c ring, but whether this can be attributed to structural differences of the binding pocket at the
different pH values has not yet been rationalized [32].

These results not only provide evidence for distinct proton binding modes in the ATP
synthase family but also show that the degree of binding site protonation depends on the
external pH. As DCCD reacts with binding sites outside the subunit a/c interface, this
implies that there is an access pathway for the protons to the binding sites in the absence
of subunit a [33, 34]. Whether this access route is sufficiently fast to meet physiological
conditions is presently unknown. Multiple lines of evidence indicate that the ions reach the
sites from the cytoplasmic reservoir of the membrane. Interestingly, the pH profiles for

113



114

von Ballmoos, C. ef al.

DCCD labelling of the various ATP synthases were remarkably similar to those of the ATP
hydrolysis activities of the F;F, holoenzymes [31]. We anticipate that the rate limiting step
in the ATP hydrolysis mode of the enzyme is the loading of the binding site in the subunit a/
¢ interface from the cytoplasmic side of the membrane, because electrostatic constraints
prevent the rotation of an unoccupied site with its negative charge into the hydrophobic
membrane environment [35]. Hence, the rate of ATP hydrolysis is dependent on the cyto-
plasmic pH value and on the dissociation constant of the binding site at the cytoplasmic
access route in the subunit a/c interface. Similar dissociation constants for the site at this
location and outside the interface with subunit a may be the rationale for the similarity of the
DCCD labelling and ATP hydrolysis pH profiles.

THE ROLE OF SUBUNIT A

Structural information on subunit a is sadly very limited, but important details of its function
have nevertheless been uncovered in the past decades. There is general agreement that the a
subunit contributes the physiological access routes from the periplasm and the cytoplasm to
the binding sites and that the conserved arginine is located in between these routes, blocking
unhindered proton flux. In elaborative studies with cysteine mutants of subunit a from E.
coli, the ion accessible parts have been probed [36, 37]. These data suggest that an ion
accessible channel, located in the centre of helices 2—5 of subunit a, extends from the
periplasm to the centre of the membrane. The cytoplasmic access route to the binding site,
however, remained ambiguous, because only few residues near the cytoplasmic surface of
the fourth transmembrane helix of the a subunit were accessible. Recently, the cytoplasmic
half of the outer helices of subunit ¢ were also found to contain ion accessible sites, which
therefore suggests that the cytoplasmic access pathway is located in the interface between
subunit a and ¢ [38]. Such an access route would be consistent with cysteine/cysteine cross
linking data with the E. coli and I. tartaricus ATP synthase, which show that helix IV of the
a subunit is in close proximity to the outer helices of the ¢ ring [39, 40]. Recent cryo-
electron microscopy data on the structure of the V-ATPase of Thermus thermophilus, how-
ever, indicate only a small area of contact between the stator and the c ring equivalent near
the centre of the membrane [41].

The most important residue of subunit a is the membrane-embedded, conserved arginine
(position 210 in E. coli), also known as the stator charge. So far, every mutation of this
residue in the E. coli enzyme led to a complete loss of activity [42], whereas in the Na'-
translocating P. modestum enzyme, mutations retaining the positive charge were tolerated
under specific conditions [43]. In the ATP hydrolysis mode, the stator charge is believed to
ensure dissociation of the coupling ion from a c ring site entering the interface with the a
subunit. Accordingly, ATP hydrolysis became uncoupled from Na' translocation by muta-
genesis of the stator arginine to alanine in the P. modestum ATP synthase. A second function
of the arginine is to provide a seal between the two access pathways to prevent ion leakage
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across the membrane [44]. In the ATP synthesis mode, the role of the arginine is probably
more sophisticated, since it not only affects the ion binding affinity of the site at the
periplasmic channel, but also plays a profound role in the generation of torque (see below).

Insights into the mode of interaction of the stator arginine with the ion binding site have
been obtained by cysteine-cysteine cross-linking experiments between subunits a and ¢ of
the I tartaricus ATP synthase [40]. From the available ¢ ring structure with its locked
binding site conformation, one could predict a conformational change in the interface with
subunit a to facilitate ion transfer between the c ring site and the a subunit. Strong evidence
for a small but significant conformational change upon contact with the stator charge derives
from the cross-linking patterns between cT67C or ¢cG68C and aN230C. Whereas in the
locked conformation, the two ¢ ring residues from neighbouring subunits occupy spatially
similar positions toward a potent binding partner on subunit a, only cT67C, but not cG68C,
could form efficient cross-links with aN230C in the presence of the stator charge. Upon
mutagenesis of the stator arginine by uncharged amino acids, the cross-linking efficiency of
aN230C with ¢T67C remained unchanged, but that with ¢cG68C increased significantly.
From this and other data, the stator charge is proposed to induce a conformational change
in the empty binding site, by which cG68C is disconnected from its cross-linking partner in
subunit a. Relating these observations to the ¢ ring structure suggests a rearrangement of the
binding site residues with the side chain of cE65 being slightly pushed or rotated toward the
c ring centre, thereby affecting the accessibility of cG68C (which is on the same helix) but
not of cT67C (which is on the neighbouring helix). The spatial demand for this rearrange-
ment is presumably allocated by a cavity between the inner and the outer ring of helices in
the region of the two conserved residues G25 and G68 (Figure 4a). Accordingly, replace-
ment of G25 by a bulky isoleucine increased the cross-linking efficiency of the cG68C/
aN230C pair to a similar extent as the replacement of the stator charge. No ATP synthesis
was observed with the ¢cG251 mutant, emphasizing the functional importance of the small
residue. The interpretations were supported by energy minimization calculations of the ¢ ring
structure with a short strip of helix 4 of subunit a, containing residues al225 to aM231,
which suggested possible modes for the interaction of the arginine with an unoccupied
binding site (Figure 4b).
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Figure 4. Interaction of the a subunit with the c-ring (modified from [40]). (a)
Perspective view on the surface of the isolated c-ring of I tartaricus. Shown are the
atom boundaries displayed as surface to visualize the cavity below the ion binding
site. Further, the residues of the ion binding site and the glycine residues ¢G25 and
c¢G68 around the cavity are depicted (see text for details). (b) Coordination of the
stator arginine after energy minimization calculations of the c-ring and a heptapeptide
of helix 4 of subunit a. Depicted are the calculated positions and possible hydrogen
bonds of the binding site residues on the c-ring and the stator arginine in the absence
of harmonic backbone restraints of the outer helices. Putative hydrogen bond lengths
are marked in A. The figure was prepared using Pymol (DeLano Scientific).

DRIVING FORCES FOR ATP SYNTHESIS

An electrochemical gradient of either H" or Na" provides the driving force for ATP synthesis
by F,F, ATP synthases. The downhill movement of these ions through the F, domain
generates torque which is transmitted to F; to energize ATP synthesis. The driving force
consists of two thermodynamically equivalent parameters, the ion concentration gradient
(ApH or ApNa") and the membrane potential (Ay). Most organisms use the proton motive
force (AUH") with the parameters ApH and Ay, but some anaerobic bacteria use the sodium
motive force consisting of ApNa" and Ay for the synthesis of ATP.

Proton motive force driven ATP synthesis was originally formulated in Mitchell’s chemios-
motic model, which also implies that ApH and Ay are equivalent kinetic driving forces [45].
Early experiments with the chloroplast enzyme seemed to support this notion, because ATP
synthesis could be driven by ApH alone [46]. The method to establish the ApH by an acid/
base transition with succinate as the acidic buffer, however, was later shown to also create a
significant Ay, owing to the membrane permeability of the succinate monoanion [47]. An
equivalent of ApH and Ay as driving forces for ATP synthesis has also been described for
the mitochondrial enzyme [48, 49]. Accordingly, it was predicted that ATP synthesis occurs
when the thermodynamic requirements are fulfilled, i.e. if

AUH" = Ay + ApH > AGp = AG”x log,o [ATP]/([ADP] x [P;]).




Energy Transductions in ATP Synthase

Several investigations involving a variety of ATP synthases have subsequently shown that
the equivalence of ApH and Ay as driving force for ATP synthesis is not perfect [50—52],
suggesting that different kinetic barriers have to be overcome by either ApH or Ay. In all
these studies, except for the chloroplast enzyme from spinach, efficient ATP synthesis
required a total driving force of > 180 mV, consisting of a minimal Ay of ~80 mV and a
corresponding ApH.

REQUIREMENTS FOR ATP SYNTHESIS

ATP synthesis measurements have been performed with a number of ATP synthases, but the
most complete data are available for the H -translocating ATP synthase of E. coli or spinach
chloroplasts and the Na'-translocating ATP synthases of P. modestum or I tartaricus,
respectively. With E. coli membrane vesicles energized by respiration, a turnover number
for ATP synthesis of about 270 s™" was found [53]. For the reconstituted E. coli enzyme, the
maximal rates of ATP synthesis were 80s™, when the vesicles were energized with a total
driving force of 380 mV, consisting of a ApH of 240 mV and a Ay of 140 mV [52]. In this
study, the rate decreased drastically to ~1 s if the ApH of 240 mV was maintained and the
Ay was abolished. These results confirm the notion that ATP synthesis requires both para-
meters of the proton motive force and that these are kinetically not equivalent.

In the same study, ATP synthesis was also abolished by decreasing the ApH to ~180 mV at
Awy values between 110 and 150 mV. This is remarkable, because the energetic parameters
(AUH"=290-330 mV) clearly exceeded those found in a growing E. coli cell. The dis-
crepancy could be resolved in more recent studies with the reconstituted E. coli enzyme,
where it was observed that the rate of ATP synthesis not only depends on the driving forces
ApH and Awy, but also on the proton concentration on the source (P) side of the membrane
[54]. In these experiments, efficient ATP synthesis was found at significantly lower driving
forces (ApH =120 mV; Ay =120 mV) than in the previous studies, if the P-side pH values
were kept below 6. The rate decreased sharply at higher pH values and reached undetectable
levels at pH 7 and above (Figure 5a). Effective ATP synthesis therefore not only depends on
an appropriate size of the two driving forces ApH and Ay, but also on a sufficiently high
proton concentration at the P-side. From a physiological point of view, this result causes a
dilemma, because E. coli cells grow perfectly well and synthesize ATP at pH values of 8 and
above. Lateral proton transfer along the membrane surface between the respiratory chain
enzymes and the ATP synthase might be an elegant solution to generate sufficiently high
proton concentrations at the entrance port of the ATP synthase to make ATP synthesis
feasible [55]. In contrast, the requirements of the Na'-driven ATP synthase of P. modestum
are nicely met by its natural environment of brackish water (50— 150 mM NacCl).

The high proton concentration requirement is not observed during ATP hydrolysis, where
the fully coupled enzyme operates at nearly maximal speed at pH >8.5. Hence, approxi-
mately 100-times higher proton concentrations are necessary to saturate the binding sites at
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the periplasmic entrance channel during ATP synthesis than at the cytoplasmic entrance
channel during ATP hydrolysis. Studies with the ATP synthase of spinach chloroplast are in
agreement with the notion above except that the enzyme is capable of synthesizing ATP in
the presence of a large ApH only [52].
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Figure 5. Importance of the coupling ion concentration on the P-side during ATP
synthesis. (a) ATP synthesis with purified ATP synthase of E. coli reconstituted in
proteoliposomes. At constant driving forces of Ay =120 mV and ApH=2 (122 mV),
half maximal ATP synthesis is observed at a P-side pH 6.2. No ATP synthesis is
observed at pH values above 7. (b) ATP synthesis with purified ATP synthase of P,
modestum reconstituted in proteoliposomes. At constant driving forces of Ay =140
mV and ApNa=120 mV, half maximal ATP synthesis is observed at a P-side Na"
concentration of ~35 mM (crosses). In contrary, half maximal ATP hydrolysis is
already observed at a Na* concentration of ~0.5 mM (closed circles).

Corresponding observations have also been made with the Na'-translocating ATP synthase
of P. modestum. ATP synthesis required both parameters of the sodium motive force with a
minimum ApNa" of >30 mV and a minimum Ay of > 180 mV and in addition P side Na"
concentrations of ~35 mM for half maximal activities [54]. This Na" concentration require-
ment for ATP synthesis was approximately 70 — 100 times higher than that for half maximal
ATP hydrolysis [56, 57] (Figure 5b). Hence, in spite of the different coupling ions, the ATP
synthases of E. coli and P. modestum exhibit a remarkable similar asymmetry in their
coupling ion concentration requirements for ATP synthesis or hydrolysis. A reasonable
explanation for this asymmetry most likely reflects different affinities of the binding sites
for the coupling ion at the periplasmic and cytoplasmic access routes of subunit a. The
affinity of the binding site will be affected at each specific location by the chemical
environment of the a subunit, particularly the interaction with the stator charge.
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IMPLICATIONS FOR THE F, MOTOR FUNCTION

In a current model of the F, motor, the arginine is assumed to form a complex with the
negatively charged empty binding site between the periplasmic and cytoplasmic access
channels of subunit a [54]. Ton binding to an arginine-bound site is expected to require
higher ion concentrations than ion binding to a free site. In the ATP hydrolysis mode of the
enzyme, the torque applied from the F; motor is likely to disrupt the arginine-binding site
complex with the result that the affinity of the site at the cytoplasmic channel is no longer
affected by the stator charge. Very similar affinities for the binding sites outside the interface
with subunit a and at the cytoplasmic entrance route during ATP hydrolysis support this
view (see above). In the ATP synthesis mode of the enzyme, however, the complex of the
binding site with the arginine must first be broken before the site can form the new complex
with the incoming coupling ion and therefore, higher coupling ion concentrations are re-
quired to compete successfully with the stator charge to occupy the sites at the periplasmic
entrance channel.

It is important that sufficiently high P-side coupling ion concentrations are an essential
requirement for the synthesis of ATP, which cannot be compensated by very high ApH/
ApNa" and/or Ay values. This suggests that the events creating rotation must follow a given
sequence, which starts with the replacement of the arginine by an incoming coupling ion at
the periplasmic channel. Ion dissociation from the following binding site at the cytoplasmic
channel is in equilibrium with the ion concentration at the cytoplasmic side and is probably
favoured by the positive charge of the arginine and the membrane potential (see below).
After dissociation, the new negatively charged site is immediately attracted by the positively
charged arginine, causing rotation and the generation of torque and resulting in a new
arginine/binding site complex.

Importantly, the membrane potential did not affect the ion binding affinity of the site of the
periplasmic channel of the Na'-ATP synthase [54]. This implies that the potential has no
influence on the initial replacement of the arginine from the binding site by Na' entering
from the periplasmic side. The potential therefore probably exerts its effect on the events at
the cytoplasmic channel. This is consistent with the more hydrophobic nature of this channel
compared to the periplasmic one, as observed in accessibility studies [36].

The mechanism of the F, motor has also been investigated by ion translocation experiments
through the isolated F, part. While most of these studies did not take the orientation of F,
within the membrane into account, it is now clear that detailed insights require transport
measurements in each specific direction with unidirectionally reconstituted F, complexes
[58]. Proton transport measurements were performed with the reconstituted F, complexes of
E. coli in both directions. With a constant driving force of Ay =73 mV or ApH =73 mV the
rate of proton transport was about 600s™' in synthesis direction and about 1400s™ in
hydrolysis direction. Hence, in one specific direction, similar rates were produced by each
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driving force, which are therefore equivalent for the F, part. The transport rates corre-
sponded linearly to the applied driving forces and no voltage threshold was apparent. The
most significant difference between H' transport in synthesis and hydrolysis direction was
observed, when the influence of the pH was determined. Proton transport in hydrolysis
direction remained almost constant over the entire pH range from 6.5 to 9, thus resembling
the ATP hydrolysis pH profile. In contrast, proton transport through F, in synthesis direction
decreased continuously with increasing P-side pH values from 6 to 9, with half maximal
velocity at pH 7.7 and less than 20% of the initial rate at pH 9. Thus, the pH profile for H"
transport in synthesis direction resembles the ATP synthesis pH profile, except for a shift of
the apparent pK, from 7.7 to 6.2. This shift may be related to the demand of increased torque
during ATP synthesis, where counteracting conformational restraints in the F; part have to
be overcome. These restraints exposed by the F; part may also be responsible for the
necessity of a minimum membrane potential of ~60 mV for ATP synthesis, but not for H"
conduction through the isolated F, complex.

Na' transport through F, of the P. modestum ATP synthase has also been measured in both
directions [54, 59]. In synthesis direction, Na" transport could be driven either by ApNa" or
by Ay and maximal rates were obtained, if the two driving forces were applied simulta-
neously. ATP synthesis and Na™ transport through F, in the appropriate direction thus
responded to the same driving forces, except for the more stringent conditions for ATP
synthesis, which required both driving forces simultaneously, whereas only one was suffi-
cient for the ion conduction. In contrast, Na* transport through F, in ATP hydrolysis
direction was entirely dependent on Ay and did not respond to the applied ApNa". Relating
these results to the F, motor model described above, they suggest that the arginine/binding
site complex can only interact with ions entering from the periplasmic but not from the
cytoplasmic side of the membrane. The arginine is therefore replaced from the complex with
the binding site by high periplasmic but not by high cytoplasmic Na" concentrations. To
break the complex from the cytoplasmic side obviously requires the membrane potential,
which corroborates the notion that the potential interacts with the F, motor through its
cytoplasmic access route.

A NEw MODEL FOR THE F, MOTOR

In conclusion, these results suggest a novel mechanism for the F, motor operation. In the
resting state, an empty binding site near the periplasmic access channel of subunit a forms a
complex with the stator arginine. At high periplasmic ion concentrations, the arginine can be
pushed off the site by the coupling ion, causing dissociation between rotor and stator. The
rotor has now freedom for rotation within a small angle, which may be sufficient to move
the site with the newly bound ion into an area, where an exchange with ions in the
cytoplasmic reservoir becomes feasible (not the cytoplasmic channel). After rotating back-
wards, the ion is striped off from the site and diffuses into the periplasmic channel, while the
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complex with the arginine reforms. Such an idling motion of the rotor versus the stator will
lead to ion exchange between the two sides of the membrane, as observed experimentally for
the Na" ATP synthase [59, 60].

°

High affinity N-side

Low affinity 8 P-side
lon binding/ Arg release at S4
lon release at Sy

°

Arg binding at S
Generation of rotation >

Figure 6. Events in the rotor/stator interface during ATP synthesis (rotation from left
to right). Side view of the a/c interface of an Fy motor. Shown is the c-ring (blue) with
binding sites (red circles, S; to S;,) and subunit a containing the stator charge (Arg)
and the (aqueous) P-side and the N-side access channels (green). In the starting
position, the stator arginine is tightly bound to binding site S; (1). Governed by
chemical equilibria, which are influenced by the driving forces Ay and ApH/ApNa,
an incoming ion from the P-side is bound to site S; (requiring a high ion concentra-
tion), which displaces the Arg from the S, site. Simultaneously, the equilibria have to
allow a release of an ion from the S, site to the N-side, leading to a transition state in
which the Arg is located between sites S; and S, and the rotor is disconnected from
the stator (2). This allows the neutralized S; site to move into the lipid bilayer and the
formation of an Arg-S, complex in the interface, which generates unidirectional torque
(3). Browian motions are thought to bring the Fy motor further into a new starting
position (3. — 1.). See text for further details.




122

von Ballmoos, C. ef al.

In the presence of appropriate driving forces, however, the motor will switch to unidirec-
tional rotation and generate torque (Figure 6). In order to do so, the ion from the next
incoming site must dissociate and escape through the cytoplasmic channel. This event is
supported by a low ion concentration in the cytoplasmic reservoir, the positively charged
arginine, and by the membrane potential. Attraction of the thus generated negatively
charged, empty site by the positive stator charge causes rotation and generates torque.
During the rotation step, the previously occupied site at the periplasmic channel is pushed
out of the interface with subunit a and a new occupied site is pulled into the subunit a
interface from the opposite side to contact the cytoplasmic access channel. The core feature
of the new model is the so far unrecognized requirement for high coupling ion concentra-
tions at the periplasmic side of the membrane. In the absence of these conditions, the motor
is not functional, regardless of the magnitude of the applied driving forces. These new
insights together with other observations suggest a torque generating mechanism, in which
the electrostatic attraction of a negatively charged empty site by the positively charged
arginine acts as the power stroke and where the driving forces serve to generate these
positive and negative charges at the periplasmic and cytoplasmic channel, respectively.

CoNCLUDING REMARKS

Finally, it should be emphasized that the F, motor is highly asymmetric and appears to be
perfectly constructed for AuH/AuNa'-driven rotation in ATP synthesis direction. At suffi-
ciently high periplasmic ion concentrations, the motor switches from its resting state with the
arginine/binding site complex into a mobile state, where the binding site at the periplasmic
channel has been occupied and the arginine has been liberated. This state provides a
favourable provision for proceeding into ATP synthesis directed rotation, if the proper
driving forces are applied. The only other option for the mobile state is to switch backwards
into the resting state, if the periplasmic ion concentrations are reduced. For rotation into the
opposite direction, it would be necessary to replace the arginine/binding site complex form-
ing the resting state by ions from the cytoplasmic side of the membrane. Such a reaction can
be excluded, however, at least for the Na“ ATP synthase, since the rotation of the F, motor
in ATP hydrolysis direction was not driven by ApNa" [54, 59]. To prevent such unproduc-
tive movements into the wrong direction certainly increases the efficiency of the ATP
synthase and may help to protect its structural integrity.
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