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SUMMARY 

 
 ATP is the universal chemical energy carrier in all living cells. The majority of this 

indispensable compound for life is synthesized by an F1Fo ATP synthase. Equivalents of 

this enzyme exist in bacteria, mitochondria and chloroplasts. The enzyme consists of a 

water soluble F1 part, which harbors the subunits α3β3γδε. The membrane embedded Fo 

part of the enzyme consists of three subunits in a stoichiometry ab2cn. By translocation 

of the coupling ions (sodium ions or protons) over the membrane, rotational torque is 

generated within the Fo motor and transmitted to the γ shaft which rotates together with 

subunits cn and ε against the stator subunits ab2α3β3δ. The rotation of the asymmetric γ 

subunit causes conformational changes in the catalytically active β subunits, which 

leads to the synthesis of ATP. The translocation of the coupling ions is performed by 

the subunits a and c. Details of this event and the conversion into rotary torque are still 

not clear mainly because structure information on the Fo motor is still incomplete.  

 This work provides new insights into the structure and function of the subunit c 

oligomer of the Ilyobacter tartaricus ATP synthase. First, the purified c subunit turbine 

was shown to retain its native structure in the solubilized form. Then, for structural 

analysis, the c-ring was crystallized in two dimensions. Atomic force microscopy and 

cryo-transmission electron microscopy indicated that the c-oligomer from the bacterium 

I. tartaricus forms a ring structure consisting of 11 subunits. Each subunit is composed 

of an α-helical hairpin, protruding the bacterial membrane and connected by a 

cytoplasmic loop. The inner ring of 11 α-helices is tightly packed, whereas the outer 

ring is more relaxed. The coupling ion binding sites on the c-ring are located near the 

middle of the membrane. The turbine has 11 putative access channels, allowing free 

access for the Na+ ions to the binding sites from the cytoplasm. The Na+ ions are 

coordinated in the binding site by at least three amino acids, which are located on two 

adjacent subunits. The single subunits, which make up one c ring, are therefore cross-

bridged by Na+ ions. This constellation leads to a remarkable stability of the complex, 

allowing even boiling in sodiumdodecylsulfate. The number of c subunits seems to be a 

constant for each species and is determined by the protein’s primary structure. By every 

360°-turn of the enzyme’s rotor part, 3 ATP molecules are synthesized and released into 
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the cytoplasm of the cell. The number of subunits in the c-ring is therefore the 

determinant for the number of sodium ions (or protons), which have to be translocated 

over the membrane for the formation of 1 ATP molecule. Nature seems to prefer a non-

integer ratio, which lies between 3.3 and 4.7, depending on the organism. The structural 

data are fully in accord with the biochemical data of ion coordination and translocation 

presented in this work and they provide strong support for the refined 1a+11c channel 

model of the Fo sector. 
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KURZFASSUNG 

 
 ATP ist die universelle chemische Energiewährung in allen lebenden Zellen. Der 

grösste Teil dieser für das Leben unverzichtbaren Verbindung wird durch die F1Fo ATP-

Synthase synthetisiert. Dieses Enzym kommt in Bakterien, Mitochondrien und 

Chloroplasten vor. Das Enzym besitzt einen wasserlöslichen F1 Teil, bestehend aus den 

Untereinheiten α3β3γδε. Der in der Membran eingebettete Fo Teil beherbergt drei 

verschiedene Untereinheiten in einer Stöchiometrie ab2cn. Durch Translokation der 

Kopplungsionen (Natrium-Ionen oder Protonen) über die Membran wird innerhalb des 

Fo-Motors ein Drehmoment erzeugt, wodurch die Rotoruntereinheiten c11γε gegen die 

Stator-Untereinheiten ab2α3β3δ rotieren. Die Rotation der asymmetrischen γ-

Untereinheit verursacht Konformationsänderungen in der katalytisch aktiven β-

Untereinheiten, was zur Synthese von ATP führt. Die Translokation der 

Kopplungsionen wird von den Untereinheiten a und c bewerkstelligt. Genaue Details 

dieses Vorgangs, welcher die Umwandlung des Drehmomentes in Rotationsbewegung 

beinhaltet, sind heute noch immer unvollständig beschrieben. 

 Diese Arbeit bietet neue Erkenntnisse bezüglich der Struktur und Funktion des 

Oligomers aus c-Untereinheiten der Ilyobacter tartaricus ATP-Synthase. Zuerst konnte 

gezeigt werden, dass die gereinigte Turbine aus c-Untereinheiten ihre native Struktur 

auch in solubilisierter Form behält. Danach wurde der c-Ring für strukturelle 

Untersuchungen in 2-D kristallisiert. Untersuchungen mit Hilfe von 

Atomkraftmikroskopie und Kryo-Elektronenmikroskopie zeigten dann, dass das c-

Oligomer des Bakteriums I. tartaricus eine Ringstruktur, bestehend aus 11 

Untereinheiten, besitzt. Jede Untereinheit besteht aus einer α-helikalen Haarnadel, 

welche die bakterielle Membran durchstösst und durch einen zytoplasmatischen Henkel 

verbunden ist. Der innere Ring aus 11 α-Helices liegt in einer eng gepackten Form vor, 

während der äussere Ring mehr aufgelockert ist. Die Bindungsstellen für die 

Kopplungsionen auf dem c-Ring befinden sich in der Nähe der Membranmitte. Die 

Turbine hat 11 mutmassliche Zugangskanäle, welche den Natriumionen eine freie 

Zugänglichkeit von der zytoplasmatischen Seite zu den Bindungstellen hin erlauben. 

Die Natriumionen werden von mindestens drei Aminosäuren, welche auf zwei 
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benachbarten Untereinheiten liegen, in der Bindungstelle koordiniert. Deshalb sind die 

einzelnen c-Ring aufbauenden Untereinheiten durch Natrium Ionen verbrückt. Eine 

solche Konstellation bewirkt eine bemerkenswerte Stabilität des Komplexes, welche 

sogar Kochen in Natriumdodecylsulfat übersteht. Die Anzahl c-Untereinheiten scheint 

für jede Spezies konstant zu sein und wird durch die Primärstruktur des Proteins 

definiert. Bei jeder Umdrehung des Rotorteils um 360° können 3 ATP Moleküle 

synthetisiert und ins Zytoplasma der Zelle entlassen werden. Die Anzahl Untereinheiten 

im c-Ring ist deshalb der bestimmende Faktor für die Anzahl Natriumionen (oder 

Protonen), welche über die Membran transloziert werden müssen, um ein ATP Molekül 

zu erzeugen. Die Natur scheint hier ein nicht-ganzzahliges Verhältnis zu bevorzugen, 

welches, abhängig vom jeweiligen Organismus, zwischen 3.3 und 4.7 liegt. Die 

strukturellen Daten stimmen voll und ganz mit den biochemischen Daten der in dieser 

Arbeit vorgestellten Ionen-Koordination und -Translokation überein und unterstützen 

sehr stark das verfeinerte 1a+11c-Kanalmodell des Fo Sektors. 
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CHAPTER 1: INTRODUCTION 

 

1.1 ATP 

 The universal source of chemical energy in all living cells is adenosine triphosphate 

(ATP). It was discovered in 1929 by the German chemist Karl Lohmann and its 

structure was established some years later. It is used in a wide range of biochemical 

syntheses, for osmotic and mechanical work and other energy requiring processes Fritz 

Lipman has coined the phrase ‘energy-rich phosphate bond’ and by this he meant the 

energy stored in the anhydride bond of the terminal phosphate group. This has a free 

energy of hydrolysis (∆G0’) of about –70 kJ per mol under intracellular conditions 

(Dimroth, 1995). As ATP is impermeable for cells, synthesis of this compound from 

adenosine diphosphate (ADP) and inorganic phosphate (Pi) is necessary in every cell. 

The turnover of ATP in a resting human within one day is about half of its own body 

weight. The main pathways for the synthesis of ATP are substrate chain 

phosphorylation, oxidative phosphorylation or photophosphorylation. The first one 

involves formation of intermediates with highly energetic phosphoryl-groups during 

degradation of organic substrates. They are finally transferred to ADP to yield ATP. In 

the oxidative- or photophosphorylation, chemical or light energy is converted into an 

electrochemical proton gradient across the membrane (∆µH+). This stored energy can be 

used by the enzyme F1Fo ATP synthase for the generation of ATP. In eukaryotes, ATP 

synthases are found in the inner membrane of mitochondria and the thylakoid 

membrane of chloroplasts and in bacteria, they are anchored in the cytoplasmic 

membrane. 
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1.2 F1Fo ATP synthases 

 F1Fo ATP synthase was mentioned by Herman Kalckar (Denmark) in 1937. This 

enzyme is present as ubiquitous component of life and appeared early in the evolution 

of organisms. It shows a high degree of conservation among species. 

 

.

 
 Figure 1. Model showing the structure and function of the ATP synthase of Ilyobacter 

tartaricus. The water-soluble F1 domain with the catalytic sites on the three β subunits is connected via 

the γ and ε subunits to the c11 oligomer of the Fo domain, and via the δ and b2 subunits to subunit a. The 

rotor consists of subunits c11γε and the stator is assembled from subunits ab2α3β3δ. 
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The most complex F1Fo ATP synthase known today is found in mitochondrial 

membranes and consists of 16 unlike proteins with a total mass of approximately 550 

kDa (Collinson et al., 1994). Simpler constructed complexes can be found in thylakoid 

and bacterial membranes where the enzymes are composed of 9 and 8 different 

subunits, respectively. The ATP synthase from the bacterium E. coli has been 

particularly well studied. ATP synthase is composed of two functionally and 

structurally distinct entities, called F1 and Fo. The water soluble F1 portion, which was 

first isolated in 1961, has the universal composition α3β3γδε with molecular masses of 

55.3 kDa (α), 50.3 kDa (β), 31.6 kDa (γ), 19.3 (δ) and 14.9 kDa (ε) in the case of the 

E. coli enzyme. F1 harbors the catalytic sites for ATP synthesis at the three β subunits. 

The F1 interacts electrostatically with the membrane embedded Fo portion, which 

contains the coupling ion translocation machinery. Fo comprises three subunits in a 

stoichiometry ab2c10-14 (Jiang et al., 2001; Foster and Fillingame, 1982) with molecular 

masses of 30.3 kDa (a), 17.2 kDa (b) and 8.3 kDa (c), in case of E. coli F0. When F1 and 

Fo are coupled, the F1Fo complex functions as an ATP synthase that manufactures ATP 

by the consumption of energy stored in a transmembrane electrochemical proton 

gradient. Under anaerobic conditions, bacterial F1Fo ATP synthases can reverse to 

hydrolyse ATP hydrolysis and operate as ion pumps to generate an electrochemical 

proton gradient. Thus, these enzymes are molecular machines which comprise two 

reversible motors: under ATP synthesis conditions, Fo is the motor that drives F1 to 

produce ATP, while during ATP hydrolysis F1 drives Fo to pump the coupling ions 

across the membrane (Oster and Wang, 1999). When F1 and Fo are separated from each 

other, F1 catalyzes ATP hydrolysis, whereas Fo conducts ions across the membrane.  

 

 

 
 Figure 2. Organization of the I. tartaricus atp operon. Genes encoding Fo are colored black and 

genes coding for F1 subunits are depicted in white. The gene coding for the i-protein is drawn in light 

grey. 
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 The genes for the subunits of the E. coli ATPase exist in an operon, called unc 

(uncoupled) or atp, located at 83.5 min on the E. coli chromosome. The sequences of 

these genes, and thus the gene order, gene polypeptide relationships, and the protein 

sequences of all the subunits, were determined in a series of studies from several 

laboratories (Walker et al., 1984; Gunsalus et al., 1982; Gay and Walker, 1981a; Gay 

and Walker, 1981b; Kanazawa et al., 1981; Mabuchi et al., 1981; Nielsen et al., 1981; 

Saraste et al., 1981). Meanwhile, the sequences of ATPase genes from a variety of 

bacterial sources have been determined. The sequences of the F1 and Fo genes are not 

always contiguous (McCarn et al., 1988; Cozens and Walker, 1987; Curtis, 1987). 

However in E. coli and many others (Rasmussen et al., 1992; Ivey and Krulwich, 1991; 

Brusilow et al., 1989; Ohta et al., 1988;) all ATPase genes are arranged in one single 

operon in the order uncIBEFHAGDC, transcribed and translated into the i-protein, the 

Fo subunits a, c, b and the F1 subunits δ, α, γ, β and ε, respectively. Whereas the Fo and 

F1 subunits are part of the enzyme, the role of the the uncI gene product is still 

unresolved. In E. coli, uncI encodes a 14-kDa protein of unknown function that is not 

required for ATPase activity (von Meyenburg et al., 1982). Bacteria with a deletion of 

the gene grew to a lower yield, however, and showed a reduced ATPase activity (Gay, 

1984). The i-protein can be co-purified in substoichiometric amounts together with Fo or 

F1Fo (Schneppe et al., 1991). 

 

 

1.3 The F1 domain 

 The structure of the F1 subcomplex from bovine heart mitochondria has been 

determined to 2.8 Å by X-ray crystallography (Abrahams et al., 1994). Approximately 

85% of the amino acid residues present in F1 were identified at the molecular level. The 

structure revealed a cylinder of six alternating α and β subunits comprising 80 Å in 

height and a diameter of 100 Å. This head group is arranged around a central cavity, 

which is pierced through by the central γ subunit. This subunit is organized from two 

asymmetric α-helices (Figure 3). The α and β subunits share a similar fold, as one 

might expect from their sequence similarity. E. coli shows 24% identity and 51% 

similarity among these two subunits (Nakamoto et al., 1999). Each of them comprises 

three domains, an N-terminal six stranded β-barrel, a central α-β domain containing the 
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nucleotide binding site with the conserved P-loop (nucleotide binding motif 

GXXXXGKT/S) and a C-terminal α-helical domain.  

 

A

B

βTP

βDP

βE

αTP

αDP

αE

γ

ATP

ADP

empty

 
 Figure 3. Structure of the F1-ATPase from bovine heart mitochondria. Side view (A) and cross 

section viewed from the membrane side (B) of the F1 structure as determined by Abrahams et al., 1994. 

The three pairs of α and β subunits are arranged around subunit γ. The α and β subunits are present in 

different conformations depending on their bound nucleotide. Arrows indicate the catalytic nucleotide 

binding sites. 
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 The other subunits present in F1 but not resolved in the high resolution structure are 

the smaller subunits δ and ε. The structure of the major part of the δ subunit was 

elucidated by NMR spectroscopy (Wilkens et al., 1997a; Wilkens et al., 1997b). It 

showed a bundle of six α-helices, which provides the N-terminal domain and interacts 

with the N-terminal part of the α subunit on the top of the enzyme (Ogilvie et al., 1997; 

Lill et al., 1996). The C-terminal domain is less well defined. However, crosslinking 

studies revealed that δ and the b dimer are in close proximity (Dunn and Chandler, 

1998; Rodgers et al., 1997).  

 The structure of ε was determined by NMR spectroscopy (Wilkens and Capaldi, 

1998b; Wilkens et al., 1995) and X-ray crystallography (Uhlin et al., 1997). This protein 

is divided into two domains. The N-terminal β-barrel region is in close contact with 

subunit γ (Aggeler et al., 1995; Dallmann et al., 1992; Lötscher et al., 1984) and with 

the c subunit oligomer from the Fo sector (Watts et al., 1996; Zhang and Fillingame, 

1995). The C-terminal domain is arranged in a helix-loop-helix motif and is close to the 

β subunit with the so-called “DELSEED” motif (Hara et al., 2001; Wilkens and 

Capaldi, 1998a; Aggeler et al., 1995; Dallmann et al., 1992).  

 

 

ADP + Pi

ATP

ADP + Pi ADP + Pi
A

D
P + Pi

A
D

P + Pi

A
TP

A
TP

O

O OT T T

L L

L

Energie

 
 Figure 4. Model of ATP synthesis with the ‘binding change mechanism’. Rotation of subunit γ 

relative to the (αβ)3 complex induces conformational changes in the three β subunits, which result in 

alterations of the nucleotide binding capacities and formation of 1 ATP per rotation of 120°. An open 

conformation (O), which contains no nucleotide, is changed into a nucleotide loose binding conformation 

(L) by rotation of the γ subunit. This conformation is able to bind ADP and inorganic phosphate (Pi). 

Continued rotation of γ changes the binding capacity of the catalytic centre from loose to tight (T). In this 

conformation ATP is spontaneously generated from ADP and Pi. Further rotation of γ opens the 

conformation of β and ATP is released from the enzyme (Boyer, 1993; Cross et al., 1984). 
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 One of the most interesting results of the high-resolution F1 structure is the presence 

of β in three different conformations, depending on the position of the asymmetric γ 

subunit. This structural feature is in accord with Paul Boyer’s earlier prediction of the 

‘binding change mechanism’ for ATP synthesis as shown in Figure 4 (Boyer, 1993; 

Cross et al., 1984). During ATP synthesis, ADP and Pi bind to the loose (L) binding 

site, while the tight (T) binding site is occupied with ATP and the open (O) site is 

empty.  

 

 

 
 Figure 5. Observations of rotation in ATP synthase. The direct observation of rotation using 

fluorescently labeled actin filaments attached to (A) the γ subunit in the (αβ)3γ complex (Hisabori et al., 

1999; Noji et al., 1999; Noji et al., 1997), (B) F1-ATPase (Omote et al., 1999; Kato-Yamada et al., 1998) 

and (C) F1Fo-ATP synthase (Pänke et al., 2000; Sambongi et al., 1999). The N-termini of α subunits in 

the (αβ)3 domain are associated with a nickel-coated glass surface. Counter clockwise rotation of the 

uncoupled ATP synthase (Tsunoda et al., 2000) dependent on ATP hydrolysis was observed in a 

fluorescence microscope. From Stock et al., 2000. 

 

 

Rotational energy, which is transduced from the Fo part by subunits cnγε into the F1 

headgroup, leads to conformational changes in β3 and for every rotation of 120°, the L-

site is transformed into the T-site, where ADP and Pi is converted to ATP, the T-side is 

transformed into an O-site leading to a release of the previously formed ATP and the O-

site is transformed into the L-site, which is now able to bind ADP and Pi. In the last 

years, several strands of evidence have been obtained showing directly the participation 
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of subunit γ in the rotation. First, disulfide crosslinking between the three different β 

subunits and γ were obtained reversibly (Zhou et al., 1997; Zhou et al., 1996; Duncan et 

al., 1995). A second approach was performed by polarized absorption relaxation after 

photobleaching (PARAP) measurements (Sabbert et al., 1996). The most sophisticated 

experiment giving evidence for γ rotation came from the direct measurement of rotation 

of a fluorescently labeled actin filament attached to subunit γ (Figure 5) (Noji et al., 

1997). This showed that the γ subunit rotates with ~30 Hz counterclockwise upon ATP 

hydrolysis when viewed from the membrane.  

 In the last time, diversified variations of this convincing approach have been 

obtained by measuring directly rotation of the subunit c oligomer from the Fo complex 

(Pänke et al., 2000; Sambongi et al., 1999). Also rotation of the enzyme’s stator part 

(ab2α3β3δ) by fixation of the rotor part (γεcn) and rotation of the c-oligomer cross-linked 

with the rotor subunits γ and ε has been shown (Tanabe et al., 2001; Tsunoda et al., 

2001). All these rotational experiments have either been done with F1 subcomplexes or 

with complexes that were uncoupled from proton translocation. More recently, rotation 

was demonstrated with functionally coupled F1Fo ATP synthases from P. modestum in 

both ATP hydrolysis and ATP synthesis direction (Kaim et al., 2002). 

 

 

1.4 The Fo domain 

 A high resolution structure of the membrane embedded Fo part is not available. 

Electron microscopy and image analysis provided only a low resolution structural 

overview about the shape and mass distribution. The two b subunits and the a subunit 

were found to be located at the outside of the c subunit complex, which has an annual 

structure (Singh et al., 1996; Takeyasu et al., 1996; Birkenhäger et al., 1995). The main 

task of the Fo domain is the translocation of the coupling ions either for generating 

rotary torque in the ATP synthesis mode or to pump H+ (Na+) ions to the outside in the 

ATP hydrolysis mode. The ion pathway is thought to involve subunits a and c only, 

whereas subunit b seems to be responsible for a static connection between Fo and F1. 

However, the presence of all three Fo subunits is required for a functional enzyme 
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complex (Wehrle et al., 2002a; Schneider and Altendorf, 1985; Schneider and 

Altendorf, 1984). 

 

 

1.4.1 Subunit a 

 The a subunit is the largest polypeptide of the Fo sector consisting in I. tartaricus of 

287 amino acids. It occurs in one copy per ATP synthase. It has been proposed to 

consist of 5 or 6 membrane spanning α-helices (Jäger et al., 1998; Long et al., 1998; 

Valiyaveetil and Fillingame, 1998; Yamada et al., 1996). Remarkably, each of these 

models predicts a similar topology for the two C-terminal helices, while the major 

differences are located within the loop regions. No interaction sites with F1 could be 

found so far but it has been proposed to play a key role in the coupling ion translocation 

(Deckers-Hebestreit and Altendorf, 1996; Howitt et al., 1996; Nakamoto, 1996; 

Fillingame, 1990). The location of the hydrophilic, amino-terminal domain is still 

controverse in the different topology models. However, it seems to be required for 

assembly of the Fo-moiety or for membrane insertion (Lewis and Simoni, 1992). 

Numerous crosslinks between the penultimate helix of subunit a and the C-terminal 

helix of subunit c have been found and it was also suggested that the two C-terminal 

helices from subunit a participate in coupling ion translocation by direct interaction with 

the c subunits (Jiang and Fillingame, 1998). A number of conserved amino acids in the 

C-terminal region seem to play a key role in the a subunit. aR210 (E. coli numbering) 

was thought for a long time to be absolutely essential for ATP driven proton 

translocation in Fo (Eya et al., 1991; Cain and Simoni, 1989; Lightowlers et al., 1987). 

However, more recent data show that mutants or aR227 of P. modestum (equivalent to 

R210 of E. coli) are functional under restricted environmental conditions of pH and Na+ 

concentrations (Wehrle et al., 2002b). Besides aR210, site directed mutagenesis has 

revealed Glu219 and His245 to be important in the E. coli subunit a (Hartzog and Cain, 

1994; Eya et al., 1991; Howitt et al., 1990; Cain and Simoni, 1988; Lightowlers et al., 

1988; Cain and Simoni, 1986).  

 

 



14 1. Introduction 

1.4.2 Subunit b 

 Subunit b is an amphipathic protein consisting of 163 amino acids in I. tartaricus. 

The N-terminal part of about 30 amino acids is hydrophobic and provides the membrane 

anchor, whereas the highly hydrophilic C-terminal part extends from the membrane 

surface to bind to subunit α presumably via subunit δ. It has been found by circular 

dichroism (CD) that the b subunit from E. coli is mostly α-helical (Dunn, 1992). 

Detailed structural information about the entire protein is not available so far. NMR 

investigations of the N-terminal part (residues 1-34) have shown an α-helix from 

residue 4-22, which is likely to span the membrane (Fillingame et al., 1998). Subunit b 

exists in a homodimeric form in the ATP synthase. The two copies seem to be in close 

contact, as concluded from disulfide bridge linking (McLachlin and Dunn, 1997; 

Rodgers et al., 1997), which did not affect the ATPase activity. Dimerisation also 

occurred at the N-terminus after introduction of selected cysteines (Fillingame et al., 

1998). The dimerisation of the b subunits was found to be crucial for the interaction 

with the F1 part (Dunn and Chandler, 1998; Sorgen et al., 1998) for which subunit δ is 

also required (Jounouchi et al., 1992). These two subunits were shown to interact via 

their C-terminal region suggesting an elongated structure for subunits b2 (Dunn and 

Chandler, 1998; McLachlin et al., 1998; Rodgers et al., 1997; Sawada et al., 1997). 

Recently, the structure of the b (residues 62-122) monomer has been solved to 1.55 Å 

resolution and the dimer was reconstructed from small-angle X-ray scattering data 

(SAXS). According to these data, the two b helices form a coiled coil with a right-

handed superhelical twist (Del Rizzo et al., 2002). 

 

 

1.4.3 Subunit c 

 Subunit c is the most investigated subunit of the Fo sector so far. It is a small 

hydrophobic protein of 89 amino acids with a molecular mass of 8795 Da 

(I. tartaricus). It is also called a proteolipid because it can easily be dissolved in organic 

solvents. The specific inhibitor dicyclohexylcarbodiimide (DCCD) binds covalently to 

E. coli D61, which serves as binding site for the protons during their translocation over 

the membrane. This site is the equivalent of E65 in I. tartaricus. For the Na+ binding 
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ATP synthase of this organism, additional ligands are S66 and Q32 (Kaim et al., 1997). 

Biochemical and genetic experiments as well as NMR data (Girvin et al., 1998) 

suggested subunit c to fold like a hairpin with two membrane spanning α-helices 

separated by a polar loop region, which is located in the cytoplasm (reviewed in 

Deckers-Hebestreit and Altendorf, 1996). The conserved carboxyl group of D61 is 

assumed to be located in the middle of the C-terminal helix, which was shown to be 

located in the middle of the bilayer (von Ballmoos et al., 2002). NMR analyses of the 

P. modestum subunit c in dodecylsulfate micelles revealed that this protein folds into 

four clearly defined α-helical segments which are interrupted by non-helical peptides at 

the polar loop and in the vicinity of the Na+ ion binding site (Matthey et al., 1999). A 

different secondary structure of P. modestum subunit c was found in the same organic 

solvent mixture in which the c subunit structure of E. coli was determined (Matthey et 

al., 1997). In this structure, the hairpin loop turned out to be mostly α-helical which 

makes it rather doubtful that any conclusive evidence on the structure of this protein can 

be obtained from NMR in organic solvents. Furthermore, the kinetics of DCCD labeling 

of monomeric subunit c were far too slow to account for this reaction in the native F1Fo 

complex (Kluge and Dimroth, 1994). For these reasons, it was obvious that the native 

structure of subunit c could only be determined in the oligomeric state. 

 

 

1.4.4 Subunit c oligomer 

 A ring like structure has been proposed for the multimeric arrangement of subunit c 

within the Fo part of the functional ATP synthase (Fillingame, 1990; Groth and Walker, 

1997; Schneider and Altendorf, 1987). This proposal is in accord with cross-link studies 

and tryptophan substitutions (Schnick et al., 2000; Groth et al., 1998; Jones and 

Fillingame, 1998) and electron microscopy (Singh et al., 1996; Takeyasu et al., 1996; 

Birkenhäger et al., 1995). However, the stoichiometric composition of the c ring (Jiang 

et al., 2001; Schnick et al., 2000; Dmitriev et al., 1999; Jones and Fillingame, 1998; 

Foster and Fillingame, 1982) and the helix packing were discussed controversially 

(Groth et al., 1998; Jones et al., 1998). Construction of genetically fused dimers and 

trimers of E. coli subunit c produced a functional ATPase and the cross-linking of the 

fused c subunits resulted in multimers extending up to the position of c12. This finding 
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was interpreted as an arrangement of subunit c in Fo as a c12 oligomer (Jones et al., 

1998).  

 

 

 
 Figure 6. Electron density map of the F1¯ c10 complex from S. cerevisiae at 3.9 Å resolution 

solved by X-ray crystallography (Stock et al., 2000). (A) Side view. (B) End-on view, rotated 90° with 

respect to (A). Two rings, an inner ring and an outer ring, composed of 10 c protomers are visible. The 

inserts indicate the locations of subunits. 
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 Figure 7. Subunit-III oligomers of chloroplast ATP synthase visualized using Atomic Force 

Microscopy. Adapted from (Seelert et al., 2000). 

 

 

 Recently, structure and stoichiometry of the c ring has been elucidated in more 

detail for several organisms and surprisingly, the number of subunits was found to vary 

among different species. First, X-ray crystallography of crystals from the yeast 

mitochondrial F1c10 complex showed electron densities of 10 individual c subunits 

consisting of two α-helices each (Figure 6) (Stock et al., 1999). Then, ATP synthase 

isolated from chloroplast and crystallized in 2-D was analyzed by Atomic Force 

Microscopy (AFM) and revealed a stoichiometry of 14 subunits per turbine as shown in 

Figure 7 (Seelert et al., 2000).  

 

 

1.5 The bacterium Ilyobacter tartaricus 

 Ilyobacter tartaricus (DSM 2382) has been isolated from anoxic sewage sludge 

from the Rio Marine in Venice (Schink, 1984). This strictly anaerobic, gram negative 

bacterium has a rod shape, is non motile and non-sporeforming. It was assigned to the 
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family Bacterioidaceae (Krieg and Holt, 1984). The cells have 1.0 × 1.2 - 2.5 µm in 

size, often forming irregular, odd-shaped chains. The guanine-plus-cytosine content of 

the DNA was 33.1%. The bacterium grows optimally at 28°C with a minimum doubling 

time of 1.6 h. The temperature and pH limits are 12 to 40°C, pH 5.5 – 8.0, respectively 

with an optimal pH for growth at 6.5 to 7.2. Growth is possible in mineral medium with 

at least 1% NaCl. Besides L-tartrate, I. tartaricus degrades citrate, pyruvate, glucose 

and fructose with fermentation products formate, acetate and probably carbon dioxide. 

 

 

 
 Figure 7. Phase contrast photomicrographs of the anaerobic, gram negative bacterium 

I. tartaricus. The bar equals 10 µm (Schink, 1984). 

 

 

 It has been shown that this bacterium is a close relative of Propionigenium 

modestum (Neumann et al., 1998), of which more details about the energy metabolism 

are known. It grows by the fermentation of succinate to propionate and carbon dioxide, 

which involves the intermediates succinyl-CoA, (R) and (S)-methylmalonyl-CoA and 

propionyl-CoA (Hilpert et al., 1984). The only exergonic reaction in the energy 

metabolism from P. modestum is the decarboxylation of (S)-methylmalonyl-CoA to 

propionyl-CoA and carbon dioxide. During this decarboxylation reaction sodium ions 
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are translocated across the lipid membrane and generate an electrochemical Na+ 

gradient. This gradient can be used by the Na+ translocating F1Fo ATP synthase to 

synthesise ATP from ADP and inorganic phosphate (Laubinger and Dimroth, 1987; 

Laubinger and Dimroth, 1988). I. tartaricus also uses a Na+ gradient as driving force for 

its ATP synthase. This could be generated by an oxalate decarboxylase Na+ pump, as 

tartrate is most likely converted to oxaloacetate and further degraded via its 

decarboxylation to pyruvate.  

 

 

 
 Figure 8. SDS-PAGE of the purified ATPase of I. tartaricus. Lane 1, 30 µg of ATPase, stained 

with Coomassie brilliant blue; lanes 2 and 3, 1 µg of ATPase, stained with silver; samples applied to lanes 

1 and 3 were precipitated with trichloroacetic acid. The mobilities of molecular mass markers (in kDa) 

and the assignments of the polypeptide bands to individual ATPase subunits are indicated (Neumann et 

al., 1998).  
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1.6 Na+-dependent ATP synthase of I. tartaricus 

 The I. tartaricus F1Fo ATP synthase is homologous to other F-type ATPases 

(Dimroth, 1997). Its eight different subunits (Figure 8) are clustered on the chromosome 

in one single operon. Compared to E. coli, the sequence conservation within subunits is 

low, with exception of the catalytically active subunits α and β. There are some 

remarkable features in all known Na+ dependent ATP synthases. One of them is its 

specific stimulation by Na+ ions. The degree of activation by Na+ was dependent on pH 

and increased at more basic pH values (Laubinger and Dimroth, 1989). Li+ can act as an 

alternating coupling ion of these ATP synthases. However, the Km for Li+ is about ten 

times higher than for Na+, and for H+ translocation the pH optimum is shifted from pH 

8.7 to the more acidic pH 6.8 (Kluge and Dimroth, 1993a; Kluge and Dimroth, 1993b). 

Sodium dependent ATP synthases are rare in nature and beside I. tartaricus and 

P. modestum, only in the bacterium Acetobacter woodii a sodium driven ATP synthase 

has been found so far (Reidlinger and Müller, 1994). 

 The coupling ion binding site is located on the Fo part of the enzyme. This was 

shown in reconstitution experiments with P. modestum Fo and E. coli F1, forming fully 

functional hybrid ATP synthases catalyzing H+ as well as Na+ transport in response to 

ATP hydrolysis (Laubinger et al., 1990). In addition, strains harbouring a hybrid 

ATPase (Fo plus δ from P. modestum and the remaining subunits from E. coli) were 

dependent on Na+ if grown on media containing succinate as the sole carbon source 

(Gerike et al., 1995; Kaim and Dimroth, 1993; Kaim and Dimroth, 1994). Biochemical 

studies further indicated that the Na+ binding site is at the DCCD reactive acidic residue 

glutamate 65 in the C-terminal membrane domain of subunit c (Kluge and Dimroth, 

1993a; Kluge and Dimroth, 1993b). It has also been shown that the ATP synthase is 

inactivated by DCCD in a pH dependent manner. The inactivation rate increased with a 

decreasing pH. This indicates that the DCCD-modification is directed to E65 which has 

to be protonated in order to react with this compound. The modification of the enzyme 

by DCCD was specifically protected by Na+ or Li+ ions (Kluge and Dimroth, 1993b). 

These results were interpreted by a competition of H+ and Na+ from binding to E65 

which therefore seems to constitute the binding site for Na+ ions or Li+ ions or for H+ in 

the absence of the alkali ions. These findings are in accord with [14C]-DCCD labeling 

studies showing that the isolated P. modestum subunit c specifically reacts with the 
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radioactive compound (Kluge and Dimroth, 1994). The data indicated that Na+ binds at 

the same site as DCCD, i.e. at E65 of the P. modestum subunit c. It also has been shown 

by site specific mutagenesis in the area of cE65 with strain E. coli PEF42 that the Na+ 

coordination is assembled by at least three amino acid side chains. These are E65, S66 

and Q32. They were essential for Na+ binding. The first two accomplish Li+ liganding 

and E65 alone is sufficient to accommodate H+ binding (Kaim et al., 1997). 

 In all known Na+ dependent ATP synthases, the oligomeric c-ring has a remarkable 

stability and even boiling procedures in SDS solutions with subsequent application on 

SDS-PAGE does not impair the integrity of the ring composition (Aufurth et al., 2000; 

Neumann et al., 1998; Laubinger and Dimroth, 1987). However, its molecular basis has 

been unidentified so far. 

 

 

1.7 Operation mode of Fo 

 The motor of the ATP synthase is located in the Fo part and its driving force is the 

membrane potential (∆Ψ). In its absence, the motor is in its idling mode and the rotor 

performs Brownian back and forth movements against the stator within a narrow angle 

(Kaim and Dimroth, 1998b). Na+ can be exchanged over the membrane and 

interestingly, 22Na+
out/

22Na+
in exchange was not affected by the modification of single 

rotor sites with DCCD. This finding corroborates that the Fo motor allows ion transfer 

across the membrane only by minor back and forth movements of the rotor versus the 

stator and does not need a full rotation to perform ion translocation as proposed in the 

E. coli two channel model (Junge et al., 1997). In order to perform work, the motor has 

to switch from an exchange mode into a torque generating operation mode. This switch 

can be achieved by either hydrolysis of ATP in the F1 part, which leads to a rotor 

movement and Na+ translocation, or conversely, by a ∆Ψ (Kaim and Dimroth, 1998b). 
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1.7.1 The role of the membrane potential 

 In 1961, Peter Mitchell has formulated his chemiosmotic theory and according to 

this, the respiratory chain converts redox energy into an electrochemical gradient of 

protons (proton-motive force, ∆p), which drives the motor of the ATP synthase for ATP 

synthesis. ∆p is composed of the two parameters, the membrane potential (∆Ψ) and the 

transmembrane proton gradient (∆pH): 

 

∆p = ∆Ψ + 2.3RT/F∆pH 

 

where R is the gas constant, T is absolute temperature and F is Faraday’s constant.  

 Accordingly, ∆Ψ and ∆pH (∆pNa+) are thermodynamically equivalent driving 

forces but they need not be equivalent kinetically. Evidence has been reported in the 

literature that ∆pH and ∆Ψ are also kinetically equivalent driving forces for the ATP 

synthase (Junesch and Graber, 1991; Turina et al., 1991). In all these experiments the 

pH gradient was established by the so called ‘acid bath procedure’ (Jagendorf and 

Uribe, 1966). However, recently it has been shown that this method not only generated 

a ∆pH, but also a ∆Ψ of significant size (Kaim and Dimroth, 1999; Kaim and Dimroth, 

1998a). The conclusions drawn from the previous experiments are therefore erroneous. 

Meanwhile it has been firmly established that ∆Ψ is kinetically indispensable for ATP 

synthesis. ∆pH and ∆pNa+ merely accelerate ATP synthesis if applied on top of a ∆Ψ, 

but they are not sufficient to support ATP synthesis if applied in the absence of ∆Ψ 

(reviewed in Dimroth et al., 2000). 
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 Figure 9. Model of the rotor-stator assembly of the I. tartaricus ATP synthase. The 11 binding 

sites on the turbine near the middle of the membrane are freely accessible from the cytoplasm. Rotation 

during ATP synthesis is clockwise as viewed from the periplasm (arrow). The stator subunit a contains an 

aqueous half channel, which conducts the ions from the periplasm to the rotor sites on the level of the 

hydrophilic strip. The positive stator charge (aR227) facilitates the dissociation of Na+ from rotor sites 

approaching this residue (Wehrle et al., 2002b). Coupling ions from the periplasm can only exit to the 

cytoplasm by binding to a rotor site and passing through the hydrophobic barrier forming the left wall of 

the channel.  

 

 

1.7.2 Torque generation in the Fo motor 

 The Fo motor in I. tartaricus is composed of the rotor comprising 11 copies of 

subunit c in an annual assembly and the stator subunit a (Figure 8). Each rotor subunit 

harbors a Na+ binding site, which was found to be located near the middle of the 

membrane (von Ballmoos et al., 2002). These sites are freely accessible from the 
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cytoplasm via 11 putative half channels in the c-oligomer. The stator subunit a flanks 

the c-ring laterally and constitutes an ion selective half channel conducting the Na+ ions 

from the periplasm to the rotor binding sites. If viewed from the periplasm, the 

symmetrical rotor turns clockwise during ATP synthesis. For this unidirectional 

movement, an asymmetry is required, which has to be provided by the stator. The 

fundamental asymmetry defining the direction of rotation is given by a horizontal 

hydrophilic strip at the rotor-stator interface. It enables unloaded and negatively charged 

rotor sites to enter into the rotor-stator interface. A conserved arginine (aR227, 

P. modestum numbering) is located towards the interface, first to prevent ion leakage 

through the hydrophilic strip and secondly to prevent entrance of occupied rotor sites 

into the rotor-stator interface. A further postulated feature of the stator half in the torque 

generation model is a hydrophobic barrier on the left side of the rotor-stator interface. 

Only in the Na+ bound state, the rotor sites on subunit c are neutralized and can pass to 

the left through the rotor-stator interface. Thus, the flux of ions in the ATP synthesis 

mode is as follows: they enter from the periplasm into the stator channel, bind to an 

empty rotor site and from there they can dissociate into the cytoplasm after this turbine 

unit has left the hydrophobic barrier. 

 

 

1.8 Aims of this work 

 Almost 10 years ago, the structure of the F1 sector was solved to high resolution and 

matched perfectly with the former anticipated functionality of the ATP synthesis in this 

part or the enzyme (Abrahams et al., 1994; Boyer, 1993). In 1997, this work was 

honored with the Nobel price, underlining that the F1Fo ATP synthase, representing the 

smallest known motor on the world, takes up a central hub for all biochemical 

processes. In the meantime, a lot of biochemical data have accumulated for the Fo 

sector. However, structural data are still scarce and the question how rotational torque is 

generated by a H+/Na+ gradient remains still unresolved. In this work, the purified ATP 

synthase from the bacterium Ilyobacter tartaricus was used to isolate the subunit c ring 

and to determine its stoichiometric composition. By Atomic Force Microscopy and 

cryo-Transmission Electron Microscopy of 2-D crystals from the subunit c ring, novel 

insights into the molecular architecture of this biological turbine were obtained. These 



1. Introduction  25 

structural features, in combination with biochemical data, which characterize the 

bacterial turbine, provide an enhanced insight into the function of the Fo motor. The 

mechanism of Na+ translocation is addressed and clearly favors one of the two current 

ion translocation models. 
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2.1 Abstract 

 The atp operon of Ilyobacter tartaricus, strain DSM 2382, was completely 

sequenced using conventional and inverse PCR techniques. It contains nine open 

reading frames that were attributed to eight structural genes of the F1Fo ATP synthase 

and the atpI gene, which is not part of the enzyme complex. The initiation codons of all 

atp genes, except that of atpB coding for the a subunit, were identified by the 

corresponding N-terminal amino acid sequence. The atpB gene product, the a subunit, 

was identified by MALDI mass spectrometry. The atp genes of I. tartaricus are 

arranged in one operon with the sequence atpIBEFHAGDC comprising 6992 basepairs 

with a GC content of 38.1%. The gene sequences and products reveal significant 

identities to atp genes of other Na+-translocating F1Fo ATP synthases, especially in the 

Fo subunits a and c which are directly involved in ion translocation. The F1Fo ATP 

synthase of I. tartaricus has a calculated molecular mass of 510 kDa and includes 4810 

amino acids. 

 

 

2.2 Introduction 

 ATP plays a central role in the energy metabolism of living organisms. ATP 

synthesis from ADP and Pi is catalyzed by the ATP synthase under consumption of an 

electrochemical H+ or Na+ gradient. Ilyobacter tartaricus is a strictly anaerobic, gram-

negative bacterium assigned to the monophyletic Propionigenium-Ilyobacter group, 

which is phylogenetically related to the Fusobacterium branch (Brune et al., 2002). 

I. tartaricus grows by the fermentation of tartrate in saltwater medium (Schink, 1984) 

and owns an F1Fo ATP synthase driven by the sodium motive force (Neumann et al., 

1998). The F1 part of the enzyme is involved in the synthesis of ATP and the structure 

of this cytoplasmically located part of the enzyme was solved to atomic resolution 

(Abrahams et al., 1994; Boyer, 1993). The membrane located Fo part is involved in the 

conversion of the proton or sodium motive force into rotary torque, which is the 

prerequisite for ATP synthesis (Dimroth et al., 1999; Elston et al., 1998). In the 

hydrolysis mode of the enzyme, this rotation could be directly observed using 
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microvideography techniques (Noji et al., 1997; Pänke et al., 2000; Sambongi et al., 

1999) . More recently, rotation during ATP synthesis has also been demonstrated using 

polarization-resolved confocal microscopy (Kaim et al., 2002).  

 The genes for the subunits of the Escherichia coli ATPase are clustered in an 

operon, called unc (uncoupled) or atp, which is located at 83.5 min on the E. coli 

chromosome. The gene order, the DNA sequences of the genes and the amino acid 

sequences of the corresponding proteins were independently determined by different 

laboratories (Gunsalus et al., 1982; Kanazawa et al., 1981; Nielsen et al., 1981; Walker 

et al., 1984) . Furthermore, the DNA sequences of atp operons from a variety of bacteria 

have been determined and largely reveal that the structural genes are arranged in a 

single operon in the order atpIBEFHAGDC (Brusilow et al., 1989; Ivey and Krulwich, 

1991; Ohta et al., 1988; Rasmussen et al., 1992). This is especially true for the Na+ 

driven ATP synthases from Propionigenium modestum and Acetobacterium woodii 

(Esser et al., 1990; Rahlfs et al., 1999) . 

 The I. tartaricus ATP synthase is used in a wide range of biochemical experiments 

and recently, a number of structural and biochemical investigations have substantially 

broadened the knowledge about structure and function of the Fo part (Meier et al., 2001; 

Stahlberg et al., 2001; von Ballmoos et al., 2002) . For these reasons, the sequence of 

the I. tartaricus atp-operon is of considerable interest for deciphering the ATP synthesis 

process on a molecular basis. In this paper the atp gene region of I. tartaricus was 

completely sequenced. It comprises nine genes designated atpIBEFHAGDC, which are 

homologous to their E. coli counterparts. Moreover, sequence comparisons show a very 

close relationship to genes of the atp operon of P. modestum. 

 

 

2.3 Experimental Procedures 

 Materials. Chemicals were purchased from Fluka (Buchs, Switzerland). Primers 

were custom synthesized by Microsynth (Balgach, Switzerland). 

 Growth of cells and isolation of genomic DNA. Ilyobacter tartaricus cells (DSM 

2382) were grown on tartrate minimal medium as described (Neumann et al., 1998). 
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2.3.1 Isolation of genomic DNA from I. tartaricus 

 Due to the high degree of DNA fragmentation observed when standard protocols 

were used, a new method for the isolation of genomic DNA from I. tartaricus was 

developed. Genomic DNA was isolated by mixing a pellet of ~50 mg I. tartaricus cells 

with 50 µl of 25 mM Tris-HCl pH 7.5 containing 0.1 mg/ml RNAase A (DNAse-free; 

Roche Diagnostics, Switzerland) and 0.5 mg/ml lysozyme. Then, 50 µl phenol were 

added and the cells were disrupted by flicking the Eppendorf-tube for several times. 

After 5 min incubation and centrifugation for 10 min at 14’000 rpm in an Eppendorf 

centrifuge, the supernatant was extracted twice with 50 µl chloroform to remove 

residual phenol from the water-phase. The extracted genomic DNA was diluted to 

0.2 ml with 10 mM Tris-HCl, pH 8.5, and could be stored for several months at 4°C. 

 

 

2.3.2 Inverse Polymerase Chain Reaction 

 Amplification of sequences outside the boundaries of a known sequence was 

performed by inverse-PCR as described elsewhere (Ochman et al., 1993; Triglia et al., 

1988). 

 

 

2.3.3 DNA sequencing 

 The nucleotide sequences were determined according to the dideoxy-nucleotide 

chain termination method (Sanger et al., 1977) using the ‘Taq-Dye-Dideoxy Terminator 

Sequencing Kit’ and an ‘ABI PRISM 310 Genetic Analyzer’ both from Applied 

Biosystems (Foster City, USA). All site-specific primers used for sequencing are listed 

in Table 1. 

 DNA analysis was performed using OMIGA 2.0 (Oxford Molecular Ltd.), 

MegAlign 5.01 (DNASTAR Inc.) and DNAMAN 5.1 (Lynnon BioSoft). Codon usage 

analysis was done with the program “Codon Usage” from the sequence manipulation 

suite (Stothard, 2000). 
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 Table 1. Oligonucleotides used for sequencing the I. tartaricus atp-operon 

Primer name Sequence (5’ 3’) 
Iti140V CCTTTCAGAGAACTGTGACC 
Iti160R GGTCACAGTTCTCTGAAAGG 
Ita1V GGTCAACGGATAGTTATGG 
Ita268R GGAAGAGCATAACGCACC 
Ita342V GGACAGATGTTAGGTAGTTGG 
Ita520R GGAGTCTAAGAGCTGGGG 
Ita610V CCCTTATGTTTCCAATTAACC 
Itc24V GGTAGTATTGGCAGCATCGG 
Itc41R GATGCTGCCAATACTACC 
Itb-59V GAGGTAGACGACTTGGCACC 
Itb171V GGAGAAGACTATAAAGTCTGC 
Itδ213V GTTCAGTCTGGATATTCTCTG 
Itδ333R GCTTCTACGTCCACTATACGG 
Itδ479V TAGACGGAAGCGTGAGAAGG 
Itα91V GGTGAAGTTGCAGCAGTACC 
Itα455V GAAAATGCAGGGGCAATGG 
Itα818V GTAATTTCAATTACAGACGG 
Itα1077V CTAAAACAGGATCAATATAAACC 
Itγ88R GGAAGAAACTATCTCCATAGCC 
Itγ110V GCTCTTGTAAATCAGTCAAAACC 
Itγ477V CATGCGGATATCTTTGATGAGG 
Itβ38V CCAGTTGTAGACGTATCTTTCG 
Itβ1R CTGCCTCCTCTTCAATAAGG 
Itβ300V GCACCTATTCACAGGGAAGC 
Itβ626V CGGACAGATGAATGAGCCC 
Itβ891R GTACTGACGTGATTGATCCGG 
Itβ900V GTATATGTACCGGCAGATGACC 
Itβ910V CCTTACTGACCCGGCTCCAGC 
Itβ1228V GCTGAGCAGTTTACAGGAATGG 
Itβ1363V GCTATAGCAAAAGCGAGGG 
Itε163V CAGATGAAGAGGTGTCTTAC 

 

 

2.3.4 MALDI analysis 

 The a subunit of I. tartaricus was prepared for MALDI analysis as will be described 

(C. von Ballmoos, manuscript in preparation). Molecular masses were determined on a 

Perseptive Biosystems Voyager Elite System, a MALDI-TOF instrument with reflector. 

For analysis of the entire subunit a, sinapinic acid was used as a matrix and the 

measurements were recorded in the linear mode. 
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2.4 Results and Discussion 

2.4.1 Sequencing strategy and assignment of the ATP synthase 

subunits 

 The complete sequence of the Ilyobacter tartaricus atp operon has been obtained by 

a two step procedure. First, heterologous primers from P. modestum were used to 

amplify the gene region from atpE to atpH. Next, sequencing of the residual part of the 

I. tartaricus operon was done by i-PCR using the known sequence as starting point. For 

control purposes, three genomic I. tartaricus DNA fragments ranging from the start 

codon of atpI to the stop codon of atpH or including the atpG or atpC genes were 

cloned into the vectors pT7-7 (Tabor and Richardson, 1985) or pET24a (Novagen), 

respectively. As a result, identical DNA sequences were obtained from the PCR 

amplification and from the plasmids harboring the genomic DNA inserts. 

 

 

 Table 2. Base composition analysis of the atp-operon from I. tartaricus. 

Base Number % 
A 2457 35.1 
C 1088 15.6 
G 1570 22.5 
T 1877 26.8 
AT 4334 61.9 
GC 2658 38.1 
Total 6992 100 

 

 

 The complete nucleotide sequence of the Ilyobacter tartaricus atp operon consists 

of 6992 basepairs. As shown in the composition analysis (Table 2) this region has a GC 

content of 38.1% and is thus slightly higher than the overall GC content of the genomic 

DNA (33.1 ± 1.0 %) (Schink, 1984). The sequence has been deposited in the GenBank 

and is available under the accession number AF522463. 

 The DNA region revealed nine clearly defined open reading frames. The deduced 

amino acid sequences of five open reading frames perfectly match the N-terminal 

sequences recently determined for the I. tartaricus ATPase subunits c, α, β, γ and ε 

(Table 3) (Neumann et al., 1998). Those open reading frames could be attributed to the 

corresponding genes atpF, atpH, atpA, atpG and atpD, respectively. Since subunits b 
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and δ show a similar molecular weight and appear as a single band on SDS gels, a 

mixed amino acid sequence was obtained by N-terminal Edman degradation 

(S. Neumann, unpublished results). Upon translation of the putative genes for subunit b 

and subunit δ into the corresponding protein sequences, the mixed amino acid sequence 

could be dissected and accurately assigned to the atpE and atpC genes, respectively. 

The corresponding atpB gene was identified by a comparison of the respective DNA 

sequences from I. tartaricus and P. modestum revealing an identity of 75 % (Table 6). 

Similarly, the atpI gene encoding the i gene product could be identified by a 66 % 

identity between the DNA sequences of I. tartaricus and P. modestum (Table 6).  

 

 

Table 3. N-terminal amino acid sequences of the I. tartaricus ATP synthase subunits. 

Subunit N-terminal sequences 
a  n.d. 
b MAPQNMPAVSIDINMFIQIIFLILMFFF 
c MDMLFAKTVVLAASAVGAGTAMIAGIGPGVGQGYAAGKAVESVA* 
α MKIRPEEIXXIIKTEIENYKLGLD* 
β MRNKGILTQIIGPVVDVSFDNELP* 
γ AGGKELKGRIKSVQXTHQITKAMEIV* 
δ MIEAQVGKRYAEAIYGIAEANNKVKELYDS 
ε ATFKLEVITPLKKIIEKXVVMIVLRTTEGDMGVLA* 

 n.d. not determined; * taken from (Neumann et al., 1998) 

 

 

Table 4. Properties of genes and subunits of the I. tartaricus ATP synthase subunits. 

Gene Length (bp) Subunit Aminoacids Calculated molecular weight (kDa) 
atpI 378 i 126 14.169 
atpB 861 a 287 32.252 
atpE 267 c (c11)

* 89 (979) 8.795 (96.745) 
atpF 489 b (b2) 163 (326) 18.700 (37.400) 
atpH 522 δ 174 19.962 

atpA 1224 α (α3) 408 (1224) 41.849 (125.547) 

atpG 846 γ 282 31.667 

atpD 1404 β(β3) 468 (1404) 50.562 (151.686) 

atpC 402 ε 134 15.047 

  F1 (α3β3γδε) 3218 343.909 

  Fo (ab2c11) 1592 166.397 
  F1Fo 4810 510.306 

* numbers in parentheses reflect the stoichiometry in the holoenzyme 
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 Taking these findings into consideration, the atp operon of I. tartaricus contains 

nine genes, which are arranged in the order atpIBEFHAGDC. All these genes, with the 

exeption of atpI, which is present in F1Fo preparations in substoichiometric amounts 

(Schneppe et al., 1991), encode structural subunits of the enzyme. The genes atpBEF 

encode subunits a, c and b, respectively, which are constituents of the membrane-

intrinsic Fo sector of the enzyme. The genes atpHAGDC encode subunits δ, α, β, γ and 

ε, respectively, which assemble the membrane-associated F1 moiety. The gene 

designations, the subunit sizes derived from the DNA sequence and the stoichiometric 

subunit composition of the F1Fo ATP synthase are shown in Table 4. The F1Fo 

holoenzyme of I. tartaricus has a subunit stoichiometry of ab2c11α3β3γδε and consists of 

4810 amino acids with a calculated molecular mass of 510.306 kDa. The amino acid 

composition is summarized in Table 5. 

 

 

Table 5. Amino acid composition of the I. tartaricus F1Fo subunits deduced from the respective atp 

genes.  

Amino acid i a c b δ α γ β ε TOTAL 
Alanine 8 20 16 21 12 39 26 39 15 196 
Cysteine 3 1 0 0 1 2 2 1 0 10 
Aspartic acid 0 6 2 6 8 20 11 29 9 91 
Glutamic acid 4 8 3 19 19 28 28 40 17 166 
Phenylalanine 9 38 2 6 6 10 8 18 4 101 
Glycine 13 21 13 2 10 39 12 47 5 162 
Histidine 0 2 0 0 1 6 4 8 1 22 
Isoleucine 20 28 7 13 20 30 25 34 12 189 
Lysine 12 14 3 23 26 24 27 22 15 166 
Leucine 15 31 9 19 14 33 20 41 10 192 
Methionine 4 16 4 6 2 13 10 11 6 72 

Asparagine 4 7 1 6 9 10 17 13 1 68 
Proline 2 20 3 3 2 16 8 19 2 75 
Glutamine 2 7 3 8 3 17 10 19 3 72 
Arginine 4 4 1 8 7 19 11 22 7 83 
Serine 6 16 5 6 6 19 21 19 7 105 
Threonine 4 18 4 4 4 16 13 35 8 106 
Valine 7 17 10 6 15 33 18 40 10 156 
Tryptophan 2 3 0 1 0 0 0 0 0 6 
Tyrosine 7 10 3 1 9 13 11 10 2 66 
TOTAL 126 287 89 158 174 387 282 467 134 2104 
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2.4.2 Conservation of subunits 

 A comparison of the nucleotide and amino acid sequences in the atp operons of 

I. tartaricus, P. modestum, A. woodii and E. coli is shown in Table 6. In general, the 

conservation at the protein level is more pronounced than the conservation at the DNA 

level. Subunits α and β are the most conserved subunits throughout all four organisms, 

whereas the sequence coding for the i-gene product is least conserved. In E. coli, atpI 

encodes a 14-kDa protein of unknown function, which is neither essential for oxidative 

phosphorylation nor for ATPase activity (von Meyenburg et al., 1982; Walker et al., 

1984). In I. tartaricus, the i-gene product encodes a 14.169 Da protein which was not 

visible after SDS-PAGE inspection of the purified F1Fo ATP synthase (Neumann et al., 

1998). In similarity to E. coli, this subunit seems to have no structural or catalytic 

function in the ATP synthase of I. tartaricus. An alternative hypothesis might involve 

the i-gene product during the assembly of F1Fo or the function as an ATP synthase 

optimizing factor (Hsu and Brusilow, 1995). 

 

 

Table 6. Protein and DNA homologies between subunits and atp genes from I. tartaricus, P. modestum, 

A. woodii and E. coli. IT, I. tartaricus; PM, P.  modestum; AW, A. woodii; EC, E. coli; Ø, overall 

homology; results represent Clustal W alignment scores (OMIGA 2.0) in percent.  

   Subunits/Genes 
  Ø i a c b δ α γ β ε 

protein 82 65 84 96 85 77 90 81 89 67 IT-PM 
DNA 78 66 75 90 81 75 81 80 83 72 

protein 40 21 40 64 23 25 61 35 68 26 IT-AW 
DNA 52 42 53 60 44 45 60 51 65 47 

protein 32 11 19 21 28 26 61 33 69 23 IT-EC 
DNA 45 39 40 37 42 43 58 48 62 40 

 

 

 The highest phylogenetic relationship is observed between the ATP synthases of 

I. tartaricus and P. modestum. Remarkably, subunit c is the most conserved subunit 

between these two species, even more conserved than subunits α and β. Both c subunits 

comprise 89 amino acids with largely hydrophobic character of which only four were 

conservatively changed. The identities between the c subunits of I. tartaricus and 

A. woodii, which also expresses a Na+-dependent F1Fo ATP synthase, are higher (64%) 
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(Table 6) than with the H+-driven E. coli counterpart (21%), although the atp operon of 

A woodii exhibits multiple gene copies encoding the c subunit (Rahlfs et al., 1999). 

 

 

2.4.3 Intergenic regions, ribosome binding sites and rarely used start 

codons 

 The genes located on the atp operon of I. tartaricus are separated by less conserved 

intergenic regions, between 2 and 219 basepairs in length. The highest conservation (60 

% identity on average) is found in the intergenic regions between atpH (δ) and atpA (α) 

and between atpG (γ) and atpD (β). As shown in Table 7, these regions contain G and A 

rich sequences (Shine-Dalgarno sequences) for ribosome binding which are usually 

located in the -5 to -20 bp region upstream of the start codon. An interesting exception 

is the upstream region of the i-protein that does not reveal any significant sequence 

homologies to the Shine-Dalgarno consensus (5’-AGGAG-3’). This might condition the 

low synthesis level of the i-protein and its substoichiometric presence in comparison to 

the other F1Fo subunits. In case of the genes atpH (δ) and atpC (ε) the intergenic regions 

are only 10 or 2 basepairs in length and the ribosome binding sites are located within 

the preceding genes encoding subunits b and β respectively.  

 

 

Table 7. Ribosome binding sites of genes in the atp operon. The start codons and the putative ribosome 

binding sites are shown in bold. In two cases termination codons of previous cistrons are underlined. 

Subunit DNA sequence Stoichiometry 
i AAGAAAAAGTAAAATATTAAACTTGTGGTGATTGGATG 0 
a GAAAGGAGGTCAACGGATAGTTATG 1 
c TTAAGGAGGAAATAAGAATATG 11 
b GGAAGGAGGTAGACGACTTG 2 
δ AAGAGGTAGGGGAAGACAAATG 1 
α CCTAACGGAATAAAAGGAATG 3 
γ AAAGAGAGAGTGAGATCGTG 1 
β AAGAGGAGGCAGTTTTAGTG 3 
ε TGAAGGGAGATGAATAATCATG 1 

 

 

 ATG is the most frequently used start codon in nature, however, in case of the 

I. tartaricus atp operon, non-ATG codons are also used as translational initiation points 
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for subunits b (TTG), γ (GTG) and β (GTG) (Table 7). The use of GTG as a startcodon 

has also been observed in the atp operons of E. coli, Bacillus megaterium and Bacillus 

subtilis (Brusilow et al., 1989; Santana et al., 1994; Walker et al., 1984). Using TTG as 

start codon has been shown to result in significantly decreased expression in E. coli 

compared to the ATG or GTG initiation codons (Reddy et al., 1985). 

 

 

2.4.4 Codon usage 

 In most bacteria, synonymous codons are used with different frequencies. Several 

factors have been proposed to contribute to codon usage preference, including 

translational selection, GC composition, strand-specific mutational bias, amino acid 

conservation, protein hydropathy, transcriptional selection and even RNA stability (see 

(Ermolaeva, 2001) for a review).  

 

 

Table 8. Codon usage in the I. tartaricus and E. coli atp operon. Rarely used codons in E. coli which are 

more frequently used in I. tartaricus are shown in bold. 

 Codon(s) E. coli (%) I. tartaricus (%) 
Gly GGG, GGA, GGT, GGC 5, 3, 54, 39 12, 56, 29, 2 
Glu GAG, GAA 29, 71 30, 70 
Asp GAT, GAC 38, 62 56, 44 
Val GTG, GTA, GTT, GTC 28, 24, 33, 14 10, 55, 29, 6 
Ala GCG, GCA, GCT, GCC 29, 24, 24, 23 6, 36, 46, 13 
Arg AGG, AGA, CGG, CGA, CGT, CGC 0, 0, 3, 5, 69, 24 21, 77, 0, 0, 2, 0 
Ser AGT, AGC, TCG, TCA, TCT, TCC 6, 21, 9, 5, 27, 31 14, 4, 7, 33, 33, 9 
Lys AAG, AAA 24, 76 31, 69 
Asn AAT, AAC 25, 75 49, 51 
Met ATG 100 100 
Ile ATA, ATT, ATC 4, 31, 65 40, 37, 23 
Thr ACG, ACA, ACT, ACC 15, 8, 15, 63 8, 50, 30, 11 
Trp TGG 100 100 
End TGA, TAG, TAA 0, 11, 89 0, 44, 56 
Cys TGT, TGC 40, 60 60, 40 
Tyr TAT, TAC 27, 73 71, 29 
Leu TTG, TTA, CTG, CTA, CTT, CTC 8, 3, 70, 0, 9, 9 17, 17, 11, 12, 40, 3 
Phe TTT, TTC 28, 72 73, 27 
Gln CAG, CAA 81, 19 53, 47 

His CAT, CAC 17, 83 65, 35 

Pro CCG, CCA, CCT, CCC 60, 13, 22, 5 19, 45, 32, 4 
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In E. coli, the expression of heterologous genes that include numerous rare codons can 

be dramatically increased when the level of tRNA is increased within the E. coli host 

strain (Del Tito et al., 1995; Kane, 1995; Kurland and Gallant, 1996). Table 8 shows the 

codon usage in I. tartaricus that, in particular codons, differs from the codon usage in 

E. coli. Rarely used codons in E. coli, which are frequently used in I. tartaricus, are: 

GGA (Gly), AGG, AGA, CGT, CGC (Arg), ATA (Ile) and CTG, CTA (Leu). This 

should be taken into consideration when I. tartaricus genes were heterologously 

expressed using E.  coli as in the host organism. 

 

 

2.4.5 Identification of subunit a from I. tartaricus 

 Na+ transport through the Fo domain of Na+ ATP synthases involves the combined 

action of subunits a and c (Dimroth et al., 1999). In the c subunit oligomer, at least three 

amino acids are involved in the liganding of one Na+ to its binding sites (Kaim et al., 

1997). In the a subunit, a universally conserved arginine (position 210 in E. coli) has 

been shown to be important for ATPase function by mutational studies (Cain and 

Simoni, 1989; Hatch et al., 1995; Howitt and Cox, 1992; Lightowlers et al., 1987; 

Valiyaveetil and Fillingame, 1997). More recently, it was demonstrated for the Na+ 

translocating F1Fo ATP synthase of P. modestum that the homologous arginine at 

position 227 of subunit a mediates the dissociation of Na+ ions from their binding sites 

on the c subunits (Wehrle et al., 2002). Moreover, in the a subunit of A. woodii, seven 

conserved residues in the ultimate and penultimate helices have been proposed to be 

involved in Na+ translocation (Rahlfs and Müller, 1999). These amino acids are also 

conserved in I. tartaricus and could be involved in guiding the Na+ ions from the 

periplasmic space to their binding sites on the c oligomer or vice versa. 
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 Figure 1. Identification of the atpB gene product of I. tartaricus. A, deduced amino acid sequence 

of the I. tartaricus a subunit. Three possible start sites of the protein are indicated by arrows. B, MALDI 

analysis of subunit a in the linear mode using sinapinic acid as a matrix.  
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 Noteworthy, the atpB gene of I. tartaricus encoding subunit a was identified by 

DNA sequence comparison which revealed three possible initiation codons. The 

deduced gene products show molecular masses of 32.252, 30.161 or 29.901 Da, 

respectively (Figure 1A). In order to identify the respective start codon, the molecular 

mass of subunit a was determined by mass spectrometry. As a result, a single peak at 

m/z = 32.382 is clearly observable (Figure 1B) that rather corresponds to the gene 

product with a mass of 32.252 Da, than to the other two gene products of lower masses. 

The difference of 130 Da, evident between the calculated and the determined masses, 

probably results from a posttranslational modification of subunit a. This interpretation is 

in favour with the experimental finding that Edman degradation was unsuccessful to 

identify the N-terminal amino acid sequence of subunit a (S. Neumann, unpublished 

results). On the other hand, it should be noted that mass deviations of up to 200 Da are 

within the accuracy of the measuring instrument, especially if hydrophobic membrane 

proteins are analysed. Hence, the initiation codon of the I. tartaricus atpB gene could be 

clearly identified by this approach. 
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3.1 Abstract 

 Synthesis of adenosine triphosphate (ATP) by the F1F0 ATP synthase involves a 

membrane-embedded rotary engine, the F0 domain, which drives the extra-membranous 

catalytic F1 domain. The F0 domain consists of subunits a1b2 and a cylindrical rotor 

assembled from 9–14 α-helical hairpin-shaped c-subunits. According to structural 

analyses, rotors contain 10 c-subunits in yeast and 14 in chloroplast ATP synthases. We 

determined the rotor stoichiometry of Ilyobacter tartaricus ATP synthase by atomic 

force microscopy and cryo-electron microscopy, and show the cylindrical sodium-

driven rotor to comprise 11 c-subunits. 

 

 

3.2 Introduction 

 In most forms of life, ATP synthesis is driven by a transmembrane electrochemical 

gradient, generated by light or oxidative reactions. The flow of protons or sodium ions 

down the gradient propels the smallest existing rotary motor, the membrane resident F0
 

part of the ATP synthase. Rotation of the 5–7 nm large cylindrical c-oligomer in F0 is 

transmitted to a long rod (Gibbons et al., 2000), which induces the conformational 

changes required for production of ATP in the globular extra-membranous F1 part of the 

enzyme. The latter exhibits a highly conserved structure comprising three catalytic sites 

arranged around a 3-fold axis (Abrahams et al., 1994), which strongly suggests that 

three ATPs are synthesized for each full rotation of the long rod. Therefore, the 

proton/ATP ratio appears to be directly linked to the stoichiometry of the rotor, which is 

thought to rotate by 2π/n per translocated cation, where n is the number of c-subunits in 

the ring. Since such central processes have been tuned to maximum performance during 

evolution, variation in the ring stoichiometry (n = 10 in yeast mitochondria and n = 14 

in spinach chloroplasts) came as a surprise. 

 Much uncertainty surrounds the proton/ATP ratio. Early results suggested a value of 

two for mitochondria, where the situation is complicated by the transport systems for 

ADP, Pi and ATP. Currently four protons/ATP is the accepted overall value for 

mitochondria (Ferguson, 2000) as well as chloroplasts (Pänke and Rumberg, 1996; Van 
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Walraven et al., 1996). The prediction of 12 c-subunits in the F0 ring in Escherichia 

coli, based on genetic fusion of c-subunits and cross-linking experiments (Jones and 

Fillingame, 1998), is in perfect agreement with this proton/ATP ratio (12 protons would 

cause a 360° rotation of the c-ring and release three ATP molecules from F1). Therefore, 

other stoichiometries for the rotary motor from different sources appeared to be 

counterintuitive. A recent discussion sheds light on the puzzle: even if the overall 

proton/ATP ratio is close to four, approximately three protons are available per ATP in 

mitochondria, because one proton is consumed during the transport of ATP into the 

cytosol and the transport of ADP as well as Pi back into the mitochondrial matrix 

(Ferguson, 2000). The values, calculated from the ring stoichiometries, are 3.3 

protons/ATP in mitochondria (Stock et al., 1999) and 4.7 protons/ATP in chloroplasts 

(Seelert et al., 2000). Although the latter value is significantly higher than recent 

experimental results (Pänke and Rumberg, 1996), the suggested relative proton 

translocation stoichiometry of 3:4 in mitochondria versus chloroplasts (Ferguson, 2000; 

Pänke and Rumberg, 1996) is quite close to the relative number of subunits per ring, 

10:14. However, accurate measurements of the mitochondrial P:O ratio when electrons 

pass from NADH to oxygen (P:O ≥ 2.5) set an upper limit for the proton/ATP ratio of 

four, provided that this oxidative process translocates 10 protons outwards as commonly 

accepted (Ferguson, 2000). The most precise proton/ATP ratios currently available are 

based on structural investigations. These data, however, do not provide clues about the 

restrictions that apply for the number of c-subunits to assemble into functional rotors in 

different organisms. We have, therefore, elucidated the stoichiometry of the c-oligomer 

of the Na+-ATPase of Ilyobacter tartaricus, presenting for the first time data for a 

prokaryotic organism and for a sodium-dependent ATP synthase.  

 

 

3.3 Results 

3.3.1 Protein purification and crystallization 

 Sodium ions propel the rotary motor of the ATP synthase from I. tartaricus by a 

mechanism that is similar to the proton movement and torque generation in E. coli ATP 

synthase (Dimroth et al., 1999; Elston et al., 1998; Junge et al., 1997). The sodium-
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translocating ATP synthase of I. tartaricus is one of a few examples comprising cx-

oligomers of extreme stability (Neumann et al., 1998). This enabled us to isolate the 

pure cx-oligomer, which moves on SDS–PAGE exactly as cx in the purified ATP 

synthase (Figure 1A, lanes 1 and 2). Such behaviour is similar to that of ring-shaped 

oligomers of chloroplast subunit III (Seelert et al., 2000). After acidification, cx 

dissociates completely into monomers (Figure 1A, lane 3). Upon reconstitution of cx-

oligomers into lipid bilayers at a low lipid-to-protein ratio, rings assembled into two-

dimensional (2D) crystalline arrays. Matrix-assisted laser desorption ionization 

(MALDI) mass spectrometry of such samples yields a single monomeric mass of 

8790 ± 5 Da (Figure 1B), corresponding well with the calculated monoisotopic mass of 

8790.71 Da for subunit c (our unpublished data). Two additional signals can be assigned 

to c-dimers and double-charged c-monomers. No additional masses were detected 

(Figure 1B), documenting that subunit c is the only protein present in the crystals. 

 

 

 
 Fig. 1. (A) Purification of ATP synthase from I. tartaricus. Lane 1, silver-stained SDS–PAGE of 

ATP synthase; lane 2, purified subunit cx-oligomer, running below the ß-subunit (52 kDa; (Neumann et 

al., 1998)) due to strong hydrophobicity; lane 3, subunit c-monomer derived from the oligomer by 

acidification with trichloroacetic acid. (B) MALDI spectrum showing a prominent peak at 8790 ± 5 Da, 

corresponding to the mono-ionized c-monomer [M + H]+. Further peaks can be assigned to the double-

ionized monomer [M + 2H]2+ and the mono-ionized c-dimer [2M + H]+. Additional masses were not 

detected, neither at higher masses up to 140 kDa, nor below 4 kDa (insert). 
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3.3.2 Atomic force microscopy 

 Atomic force microscopy (AFM) (Müller et al., 1997; Müller et al., 1999) reveals 

loosely packed disordered membranes and highly ordered crystalline arrays 

(Figure 2A). The thickness of the latter is 10.5 ± 0.4 nm, whereas that of the 

surrounding lipid bilayer is 4.1 ± 0.3 nm.  

 

 
 Fig. 2. AFM topographs of reconstituted cx-oligomers from ATP synthase of I. tartaricus. 

(A) Overview showing a 2D crystal of more than 2 µm diameter (1) next to a densely packed region (2). 

(B) The crystalline area is organized in a hexagonal head-to-tail packing. The higher ends (square) of the 

cx-oligomers are well resolved, whereas the AFM stylus cannot effectively image the lower ends (circle). 

(C) The densely packed area as in (A, 2) allows the imaging of the lower ends of the cx-oligomers. 

(D) AFM topographs of individual lower rings and (E) of the higher rings. (F) Average of 172 lower 

rings as in (D) showing a right-handed vorticity. (G) Average of 145 higher rings as in (E) showing a left-

handed vorticity. The higher rings exhibit central plugs. The outer diameter of the higher rings was 5.4 ± 

0.3 nm and the lower rings was 5.7 ± 0.3 nm. These values are slightly larger than those determined by 

electron microscopy due to the AFM tip geometry. 
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Higher magnification scans show a crystalline arrangement of ring-like cx-oligomers, 

with adjacent rotors having different heights (Figure 2B). This suggests that they are 

oppositely oriented within the bilayer, analogous to the crystalline packing arrangement 

of the subunit III rings of chloroplast ATP synthase (Seelert et al., 2000). Thus, both the 

cytoplasmic surface and the extracellular surface of the cx-oligomer were imaged in one 

topograph. Since the higher ends of the cx complexes protrude by 1.0 ± 0.2 nm above 

the lower ends, the AFM stylus cannot resolve the subunits of the lower rings (Figure 

2B). However, densely packed, non-crystalline patches allowed the lower ends to be 

contoured with the stylus at high resolution (Figure 2C). As seen directly in 

unprocessed AFM topographs, individual rotors with low ends have 11 subunits (Figure 

2D), whereas the subunits of cx complexes exposing their higher end are not resolved 

(Figure 2E). Therefore, individual rotors with high or low ends were selected, aligned, 

classified and averaged, revealing the 11-fold symmetry of the cx-oligomers (Figure 2F 

and G). The lower end protrudes 1.5 ± 0.3 nm from the bilayer and shows a central 

depression with a diameter of 1.5 ± 0.3 nm (Figure 2F). In contrast, the higher end 

exhibits a central plug that is 0.7 ± 0.3 nm higher than the ring, which itself protrudes 

2.5 ± 0.3 nm from the bilayer (Figure 2G). 

 

 

3.3.3 Transmission cryo-electron microscopy 

 Transmission cryo-electron microscopy (cryo-EM) (Dubochet et al., 1988; 

Henderson et al., 1990) documents the order of the 2D crystals (Figure 3A). The non-

symmetrized projection structure (symmetry group P1) at 6.9 Å resolution (Figure 3B; 

Table I) shows a pseudo-hexagonal arrangement of ring-like structures with 11 subunits. 

The rings have an outer diameter of 5.0 ± 0.2 nm and an inner diameter of 1.7 ± 0.2 nm. 

This outer diameter is slightly larger than that of the c10-complexes of yeast ATP 

synthase, but is smaller than that measured for the rotor of the chloroplast ATP synthase 

comprising 14 subunits. Each subunit of the 11-fold symmetrized projection map 

(Figure 3C) exhibits two densities with a slight vorticity, which is also visible in the 

averaged AFM topographs (Figure 2F and G), resembling the arrangement of the two α-

helices of subunit c of the yeast ATP synthase (Stock et al., 1999). The cryo-EM 

projection map (Figure 3B) shows a much lower density in the interior of the rings than  
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 Fig. 3. Cryo-EM imaging of the 2D crystals. (A) The calculated IQ plot after lattice-unbending 

documents the quality of the 2D crystals. The border of the plot is at 6.0 Å. (B) The non-symmetrized 

projection map (space group P1) was calculated at 6.9 Å resolution, showing a pseudo-hexagonal 

arrangement of the 11-fold symmetric rings. The unit cell comprises two rings; the cell dimensions are 

a = 8.9 ± 0.2 nm, b = 9.1 ± 0.2 nm and α= 65° ± 1°. (C) Symmetrized cx-oligomers, showing densities of 

transmembrane α -helices. The two oppositely oriented rings of a unit cell in the map in (B) at 6.9 Å 

resolution were windowed and one of them was mirrored to obtain the same sidedness. Subsequent 

averaging and 11-fold symmetrization resulted in the reproduced projection structure. Proposed locations 

for two c-monomers are indicated. 

 

 

Table I. Phase residuals in resolution ranges (random = 90°).  

Resolution (Å) IQ value (signal/noise ~8/IQ)a 
from  to 1 2 3 4 5 6 7 8 

IQ weighted 
residuals 

100.0 13.8 9.4 24.9 21.8 22.5 29.8 17.4 42.6 73.1 17.5 
  27 15 15 9 7 7 2 8 90 
13.8 9.8 19.8 19.5 28.0 44.5 75.0 33.9 31.9 86.9 24.2 
  9 25 7 2 5 3 3 6 60 
9.8 8.0 7.6 19.5 24.4 32.4 27.1 62.3 69.8 58.1 28.1 
  4 10 12 7 10 10 6 19 78 
8.0 6.9 0.0 0.0 3.4 56.9 48.8 40.7 35.3 65.4 40.3 
  0 0 1 2 3 4 2 16 28 
6.9 6.2 0.0 0.0 61.8 48.9 54.6 22.4 56.4 79.1 54.5 
  0 0 3 2 2 1 3 17 28 

aSpots are classified according to Henderson et al. (1986). Phase residuals (in degrees, top lines) during 

merging and the numbers of spots (bottom lines) in each class are given for different resolution ranges. 
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for the surrounding lipid bilayer. This implies that the plug observed in the AFM 

topographs (Figure 2D) is of a lower molecular weight than a lipid bilayer. As shown by 

biochemical analyses (Figure 1), no additional protein is present in the 2D crystals. This 

indicates that the central protrusion represents either a part of the c-subunit, or a 

monolayer of lipids, consistent with the density observed in the central cavity of the 

yeast ATP synthase c-oligomer (Stock et al., 1999).  

 

 

3.4 Discussion 

 The structural data presented here are from isolated cx-oligomers that had the same 

molecular mass as in the complete F1F0-ATP synthase and that remained intact during 

the course of the sample preparation (Figure 1A, lanes 1–3). The undecameric state of 

the c-oligomer is documented by AFM and by electron crystallography; invariably, all 

c-subunit rings observed exhibited the c11 stoichiometry. According to this observation 

and the extreme stability of the c-subunit ring, our results likely reflect the native 

structure of this assembly. The novel c-oligomer stoichiometry is the first determined for 

a prokaryotic organism and represents the first analysis for a sodium-powered ATP 

synthase.  

 None of the c-subunit assemblies studied so far by structural methods exhibits a 

stoichiometry that can be divided by three. A symmetry mismatch is expected to 

facilitate the rotary mechanism (Stock et al., 2000); see also (Simpson et al., 2000). It 

also implicates an elastic connection between F1 and F0 ATP synthase, possibly the γ-

subunit (W. Junge, personal communication; Cherepanov et al., 1999; Feniouk et al., 

1999). While for yeast mitochondria, which need one proton for ATP translocation, a 

value of three protons/ATP for the ATP synthase is expected from biochemical 

measurements (Ferguson, 2000), similar experiments gave a value of four protons/ATP 

in chloroplasts (Pänke and Rumberg, 1996; Van Walraven et al., 1996). This varying 

ratio might be correlated with different ion motive forces that drive the enzymes in the 

different organisms. Although slightly larger, the structurally determined values of 3.3 

for yeast and 4.7 for chloroplasts are compatible with these biochemical measurements. 

No biochemical data are available to be compared with the newly determined 

stoichiometry for the I. tartaricus ATP synthase of 3.7 sodium ions/ATP. Further 
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structural analyses at the atomic level and accurate measurements of the cation/ATP 

ratio are now required to improve our understanding of the smallest existing rotary 

motors. 

 

 

3.5 Methods 

3.5.1 Purification and 2D crystallization 

 ATP synthase from I. tartaricus was purified as described (Neumann et al., 1998). 

cx-oligomers were purified from disrupted ATP synthase complexes by sucrose density 

gradient centrifugation to a final concentration of 0.8 mg/ml. For crystallization cx-

oligomers solubilized in 2.4% β-octyl-glucoside were mixed with palmitoyl-oleoyl 

phosphatidylcholine (POPC) at a lipid-to-protein ratio of 1.5 (w/w), and dialysed in a 

temperature-controlled dialysis apparatus for 60 h against detergent-free buffer 

(200 mM NaCl, 10 mM Tris–HCl pH 7.0). 

 

 

3.5.2 Atomic force microscopy 

 The samples were diluted to a concentration of ~10 µg/ml in 300 mM KCl, 10 mM 

Tris–HCl pH 7.8 and adsorbed to freshly cleaved mica. Contact mode AFM topographs 

were recorded in the same buffer, at room temperature, at a stylus loading force of <100 

pN and a line frequency of typically 4–6 Hz. The AFM used was a Nanoscope III 

(Digital Instruments, Santa Barbara, CA) equipped with a J-scanner (scan size 120 µm) 

and a fluid cell. Cantilevers (Olympus, Tokyo, Japan) had oxide-sharpened Si3N4 tips 

and a spring constant of 0.09 N/m. No differences between topographs recorded 

simultaneously in trace and in re-trace direction were observed, indicating that the 

scanning process did not influence the appearance of the biological sample. Three-

dimensional surface structures of the AFM topographs are displayed in a perspective 

view (5° tilt). 
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3.5.3 Cryo-electron microscopy 

 The 2D crystals were embedded in 1% trehalose on carbon-coated copper grids. 

Grids were blotted, quick-frozen and transferred with a Gatan 626 cryo holder into a 

Hitachi H8000 transmission electron microscope, operated at 200 kV. Images were 

recorded at a nominal magnification of 50 000× on Kodak SO 163 film, applying low-

dose conditions (5 e–/Å2). Digitized negatives were processed with the MRC program 

suite (Henderson et al., 1990). Amplitudes and phases from two images were corrected 

for the contrast transfer function and merged.  
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4.1 Abstract 

 Recent structural data suggest that the number of identical subunits (c or III) 

assembled into the cation-powered rotor of F1F0 ATP synthase depends on the 

biological origin. Atomic force microscopy allowed individual subunits of the 

cylindrical transmembrane rotors from spinach chloroplast and from Ilyobacter 

tartaricus ATP synthase to be directly visualized in their native-like environment. 

Occasionally, individual rotors exhibit structural gaps of the size of one or more 

subunits. Complete rotors and arch-shaped fragments of incomplete rotors revealed the 

same diameter within one ATP synthase species. These results suggest the rotor 

diameter and stoichiometry to be determined by the shape of the subunits and their 

nearest neighbor interactions.  

 

 

4.2 Introduction 

 F1F0 ATP synthases are large multi-subunit membrane enzymes that convert the 

energy of an electrochemical cation (H+ or Na+) gradient into the biological energy 

currency ATP. Their membrane resident complex F0 couples the transmembrane flow of 

cations to the rotation of a molecular stalk (Noji et al., 1999; Pänke et al., 2000; Sabbert 

et al., 1996; Sambongi et al., 1999). The rotating stalk drives sequential conformational 

changes in the three catalytic sites of the cytoplasmic F1 complex, thereby catalysing 

synthesis and release of ATP. While the catalytic subcomplex α3β3γ as well as the 

subunits δ and ε of F1, have been solved (Abrahams et al., 1994; Bianchet et al., 1998; 

Gibbons et al., 2000; Rodgers and Wilce, 2000; Wilkens et al., 1995; Wilkens et al., 

1997), the structure of the F0 complex still awaits elucidation at atomic resolution.  

 The rotor of the cation-driven motor in F0 is a ring of identical transmembrane α-

helical hairpins, named subunit c in bacteria and mitochondria or subunit III in 

chloroplasts. While 10 identical subunits (c10) compose the transmembrane rotor of 

yeast ATP synthase (Stock et al., 1999), the rotor of Ilyobacter tartaricus exhibits 11 

subunits (c11) (Stahlberg et al., 2001), and the rotor of spinach chloroplast ATP synthase 

is assembled from 14 subunits (III14) (Seelert et al., 2000a). The mechanism 
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determining the number of subunits forming the oligomeric rotor is essential, since its 

stoichiometry determines the gear between cation flow and ATP production (Ferguson, 

2000; Stock et al., 2000). Whereas the structure of the yeast rotor was solved to 4 Å by 

X-ray crystallography, single transmembrane rotors from proton-driven chloroplast and 

from sodium-driven I. tartaricus ATP synthase were imaged using atomic force 

microscopy (AFM). By comparison of complete and incomplete oligomers, we show 

the rotor diameter to be determined by interactions between neighboring subunits and 

their shape.  

 

 

4.3 Materials and methods 

4.3.1 Sample preparation 

 CF0F1 was isolated from spinach chloroplasts and pre-purified according to (Seelert 

et al., 2000b). ATP synthase containing fractions were collected after rate-zonal 

centrifugation. CF0F1 obtained using this procedure and upon electroelution (see below) 

were active ATP synthases (Poetsch et al., 2000). To isolate intact subunit III oligomers, 

sodium dodecyl sulfate (SDS) was added to CF0F1 obtained from the rate-zonal 

centrifugation. After this, the sample was loaded onto a glycerol gradient containing the 

detergent dodecyl maltoside. Material from this linear glycerol gradient containing the 

III14 oligomers was collected and reconstituted into lipid bilayers (phosphatidylcholine 

and phosphatidic acid from egg yolk) in the presence of dodecyl maltoside. The 

detergent was removed by treatment with BioBeads SM2 (Bio-Rad, Hercules, CA, 

USA). Alternatively, III14 oligomers of CF0 were purified by blue native gel 

electrophoresis (Neff and Dencher, 1999), omitting exposure to SDS. For the 

dissociation of CF0F1 into its subcomplexes CF1 and CF0, the gel contained 0.02% 

Coomassie blue G250. CF0 was electroeluted from the gel and 2D arrays of the III14 

oligomer were prepared as described above. Subunit III oligomers prepared by either 

one of the two different methods and investigation by AFM showed no structural 

differences (no data shown, see also Seelert et al., 2000a). 

 ATP synthase from I. tartaricus was purified as described (Neumann et al., 1998). 

c11 oligomers were purified from disrupted ATP synthase complexes by sucrose density 
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gradient centrifugation to a final concentration of 0.8 mg/ml. For crystallization c11 

oligomers solubilized in 2.4% β-octyl-glucoside were mixed with palmitoyl-oleoyl 

phosphatidylcholine at a lipid-to-protein ratio of 1.5 (w/w) and dialyzed in a 

temperature-controlled dialysis apparatus for 60 h against detergent-free buffer (200 

mM NaCl, 10 mM Tris¯ HCl, pH 7.0). 

 

 

4.3.2 AFM 

 The samples were diluted to a concentration of ~10 µg/ml in buffer solution and 

adsorbed to freshly cleaved mica (Müller et al., 1997). Contact mode AFM topographs 

were recorded at room temperature after adjusting the electrolyte concentration of the 

buffer to allow electrostatically balanced high-resolution imaging at a stylus loading 

force of <100 pN (Müller et al., 1999a). No differences between topographs recorded 

simultaneously in trace and in retrace direction were observed, indicating that the 

scanning process did not influence the appearance of the biological sample. Repeated 

imaging showed that the imaging conditions used did not produce incomplete rotors nor 

did it change the gap size of incomplete rotors. The AFM used was a Nanoscope III 

(Digital Instruments, Santa Barbara, CA, USA) equipped with a J-scanner (scan size 

120 µm) and a fluid cell. Cantilevers (Olympus, Tokyo, Japan) had oxide-sharpened 

Si3N4 tips and a nominal spring constant of 0.09 N/m. 

 

 

4.4 Results and discussion 

4.4.1 Single-molecule imaging 

 III14 oligomers of spinach chloroplast F0 and c11 oligomers of I. tartaricus F0 were 

reconstituted into lipid bilayers (Seelert et al., 2000a; Stahlberg et al., 2001) and imaged 

in buffer solution by AFM (Fig. 1). The densely packed arrangements of the cylindrical 

subunit III oligomers and subunit c oligomers are clearly seen in Fig. 1A,B, 

respectively. In both images, the two rotor ends are alternately exposed to the 

membrane surface. Wide rings of complete chloroplast rotors exhibit a mean outer 
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diameter of 7.4±0.3 nm, while the corresponding ends of bacterial rotors have an outer 

diameter of 5.7±0.3 nm.  

 

 

4.4.2 Individual incomplete rotors 

 Occasionally single rotors exhibited structural gaps of one or more missing subunits 

(Fig. 2). Images of single rotors reflected the individuality of their gaps. The percentage 

of incomplete rotors was about 2¯3%. Consecutive imaging of the same rotors showed 

that the percentage of incomplete rotors and individuality of their gaps was not altered 

by the AFM imaging process (data not shown). As previously demonstrated, this routine 

control proved what was expected, since it has been repetitively demonstrated that AFM 

is capable of reproducibly imaging structural details of single proteins without distorting 

their native conformation (Heymann et al., 1999; Müller et al., 1999a; Müller et al., 

1999b). Inspection of more than 1500 oligomers imaged in crystalline and non-

crystalline areas revealed that each missing subunit leaves a structural gap of a precise 

size. Each subunit of the wide rotor ends exhibited an outer perimeter of 1.6±0.1 nm and 

an inner perimeter of 0.8±0.1 nm. Within the experimental error of 0.1 nm, both ATP 

synthase rotor subunits possess the same dimensions, although the mass of subunit III 

(8.0 kDa) (Seelert et al., 2000a) and c (8.7 kDa) (Stahlberg et al., 2001) differ. 

However, all incomplete oligomers observed were arranged into circular structures. This 

implies that the III and c subunits exhibit an intrinsic curvature and interactions that 

allow their assembly into cylindrical rotors. To elucidate this phenomenon in more 

detail, we analyzed the diameter of incomplete oligomers, such as those displayed in 

Fig. 2. While the incomplete wide rings of the chloroplast rotor exhibited an average 

diameter of 7.3±0.3 nm (n=136), that of the incomplete bacterial rotor was found to be 

5.6±0.3 nm (n=168). These diameters are identical to those of intact rotors within the 

experimental error.  
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 Fig. 1. AFM topographs of proton-driven rotors of spinach chloroplast ATP synthase (A) and 

of sodium-driven rotors of ATP synthase from I. tartaricus (B). Individual rotors expose one or the 

other of their ends. The subunits of the rotors can be easily distinguished on the unprocessed images. The 

chloroplast III14 rotor (A) exhibits a wide and a narrow end with diameters of 7.4±0.3 nm and of 

5.9±0.3 nm, respectively. The two ends of the I. tartaricus c11 rotor (B) also have slightly different 

diameters, 5.7±0.3 nm and 5.4±0.3 nm, and protrude by different extends of the membrane surface. Both 

samples were prepared and imaged in buffer solution at room temperature using contact-mode AFM as 

recently described (Seelert et al., 2000a; Stahlberg et al., 2001). Reconstituted III oligomers of chloroplast 

ATP synthase, purified by two independent procedures, either with or without SDS, were used for the 

analysis shown in Fig. 2. The AFM topographs exhibit a vertical range of 2 nm and are displayed in a 

perspective view (5° tilt). 

 

 

4.4.3 Origin of incomplete rotors 

 To answer the question whether the incomplete rotors originate from the bio-

chemical sample preparation, SDS gels of the samples investigated by AFM were 

produced (Fig. 3). Both preparations showed the complete subunit III14 (Fig. 3A) and 
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c11 (Fig. 3B) oligomers to migrate as a single characteristic band (Seelert et al., 2000b; 

Stahlberg et al., 2001), while a weakly staining band suggested monomeric subunits III 

in Fig. 3B and c in Fig. 3A. As shown previously, complete transmembrane rotors from 

chloroplast and from I. tartaricus ATP synthase form stable oligomeric assemblies, 

which only dissolve under harsh conditions, such as boiling in SDS solution (Neumann 

et al., 1998). This leads to the conclusion that a minority of subunits either exist in a 

monomeric form or that these subunits are assembled into less stable oligomers, which 

disassemble under conditions used for the SDS gel. This result may also suggest that not 

all subunits assemble into complete rings, in agreement with our structural observations.  

 

 

4.4.4 Implications of incomplete rotors 

 Although above results do not allow to verify whether the incomplete ATP synthase 

rotors result from the biogenesis or from the biochemical preparation methods, they 

clearly show that the multimeric assembly of the subunits can form stable partial 

complexes in the lipid membrane. As demonstrated by topographs (Figs. 1 and 2), 

individual complete and incomplete rings can exhibit a slightly elliptical shape. This 

suggests the rotors to be rather flexible structures that can be deformed by 

intermolecular interactions within the membrane. In spite of this, the analysis of defect 

rings imaged in more than 100 topographs demonstrates that the average ring diameter 

and its standard deviation remained unaffected by the completeness of the rotor. 

Additionally, no dependence of the rotor diameter on its crystalline or non-crystalline 

assembly into the membrane was observed. The occasionally detected deformation of 

single complete and incomplete rotors (<5%) suggest that the rotor subunits 

energetically favor to assemble into a cylindrical shape.  

 The partial rings displayed in Fig. 2 also indicate that the diameter of the membrane-

embedded ATP synthase rotor is independent of the number of subunits assembled into 

circular-shaped rotor fragments. Therefore, the rotor diameter is constrained by the 

subunit itself, which possess an intrinsic curvature defining the diameter and, hence, the 

structural stoichiometry of the rotor. Both the diameter of incomplete rotors and the 

consistent size of structural gaps suggest that no significant conformational change of 

the rotor subunit is requested for their assembly.  
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 Fig. 2. Analysis of single ion-driven rotors of ATP synthase. A: Complete (top left) and 

incomplete chloroplast rotors. B: Complete (top left) and incomplete I. tartaricus rotors. Individual 

oligomeric rotors are missing one or several subunits III (A) or c (B). The wide rotor ends were selected 

for the analysis because they were imaged in greater detail. To measure the radius of curvature of the 

incomplete rotors, circles of different diameters were superimposed until the best fit was found at full-

width¯ half-maximum of the protrusions. A circle exhibiting a diameter of 7.5 nm (A) and of 5.8 nm (B) 

was outlined on each rotor. The circle diameter of the rotors was found to be independent from the 

number of subunits missing. The incomplete chloroplast rotors had an average diameter of 7.3±0.3 nm 

(n=136) and those of I. tartaricus had an average diameter of 5.6±0.3 nm (n=168). Reconstituted III 

oligomers of chloroplast ATP synthase, purified by two independent procedures, either with or without 

SDS, were used for the analysis. Vertical range of the AFM topographs=2 nm. 

 

 

4.4.5 Conclusions 

 In current models of the ATP synthase, the cation-to-ATP stoichiometry of the ATP 

synthesis is directly linked to the subunit stoichiometry of the cation-powered rotor 

(Ferguson, 2000; Junge et al., 1997). Recent structural data suggest that the subunit 

stoichiometry depends on the biological species from which the ATP synthase 

originates (Seelert et al., 2000a; Stahlberg et al., 2001; Stock et al., 1999). Topographs  
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 Fig. 3. Analysis by SDS gel electrophoresis and silver staining of the cation-driven ATP 

synthase rotors investigated by AFM. Lanes (A) and (B) show preparations of subunit III14 oligomers 

of chloroplast ATP synthase and subunit c11 oligomers of I. tartaricus ATP synthase, respectively, upon 

reconstitution in lipid bilayers. Sample (A) was analyzed using a 14% SDS gel (Laemmli, 1970), while 

sample (B) was visualized on a 13.4% SDS gel (Schägger and Jagow, 1987). Molecular masses (kDa) of 

protein standards are indicated on the left side of each lane. Both samples were treated at room 

temperature. In contrast to the chloroplast sample, the c11 oligomer and the c1 monomer exhibit an 

abnormal migration behavior as compared to the molecular mass protein standards.  

 

 

of rotors from two different ATP synthases now show that the diameter of incomplete 

rotors missing several subunits is equal to that of intact rotors (Fig. 2). This allows 

following conclusions to be drawn: The diameter, and thereby the subunit, 

stoichiometry of the electrochemically driven rotor appears to be constant for the 

respective ATP synthases investigated. The diameter of these rotors appears to be 

constrained by intrinsic properties of the transmembrane subunits (III or c) forming the 

oligomer. This suggests the cation-to-ATP stoichiometry of ATP synthesis to be a 

constant within the same biological species (Ferguson, 2000). In contrast, Schemidt et 

al. (Schemidt et al., 1998) suggest a dependence of the subunit stoichiometry on the 

metabolic state of Escherichia coli.  
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4.4.6 Relevance to other proteins 

 Observation of single proteins in their physiologically relevant environment at 

submolecular resolution is an extremely powerful approach, which in this study, yielded 

insights about the assembly of subunits into a homo-oligomer. Both the size and 

stoichiometry of the cation-powered ATP synthase rotor are determined by intrinsic 

properties of its subunits. This finding may also be of relevance for the assembly of 

other homo-oligomers (Koepke et al., 1996; Kühlbrandt et al., 1994). Extended 

applications of single-molecule microscopy should, in the future, allow even more 

detailed investigations of membrane protein assembly and function (Engel and Müller, 

2000; Möller et al., 2000). 
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5.1 Abstract 

 The isolated rotor cylinder of the ATP synthase from Ilyobacter tartaricus was 

reconstituted into two-dimensional crystalline arrays. Atomic force microscopy imaging 

indicated a central cavity on one side of the rotor and a central plug protruding from the 

other side. Upon incubation with phospholipase C, the plug disappeared, but the 

appearance of the surrounding c subunit oligomer was not affected. This indicates that 

the plug consists of phospholipids. As the detergent-purified c cylinder is completely 

devoid of phospholipids, these are incorporated into the central hole from one side of 

the cylinder during the reconstitution procedure. 

 

 

5.2 Introduction 

 ATP synthases utilize a transmembrane H+ or Na+ potential to drive ATP formation 

by a rotary catalytic mechanism. Bacterial enzymes are typically composed of eight 

types of subunits with a biologically unique stoichiometry of α3β3γδε for the F1 sector at 

the periphery of the membrane and a1b2c10-11 for the transmembrane F0 sector. Recent 

evidence supports an ATP synthesis mechanism by which cation movement via subunit 

a and the oligomeric c subunit cylinder induces the rotation of this cylinder (Jiang and 

Fillingame, 1998; Kaim and Dimroth, 1999; Kaim et al., 1998). This rotation is 

connected to that of the central stalk subunits ε and γ, which is essential for ATP 

formation at the catalytic β subunits (Pänke et al., 2000; Sambongi et al., 1999; Tsunoda 

et al., 2000). 

 High-resolution structural information is available on the α3β3γεc10 subcomplex 

from yeast (Stock et al., 1999), but the structure of the peripheral stalk consisting of the 

a subunit and the two b subunits still awaits elucidation. It came much as a surprise that 

the number of c subunits in the c rotor is not fixed but varies among species. Structural 

work has identified c10, c11 or c14 stoichiometries for the rotor rings from yeast (Stock et 

al., 1999), Ilyobacter tartaricus (Stahlberg et al., 2001) and chloroplasts (Seelert et al., 

2000), respectively, and based on recent cross-linking studies it was concluded that c10 

is the preferred stoichiometry for the Escherichia coli rotor (Jiang et al., 2001). 
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 The stoichiometry of the oligomer is apparently determined by intrinsic properties 

of the c monomers because shape and diameter of the cylinder did not change if one or 

several monomeric units were missing (Müller et al., 2001). One intriguing property of 

the undecameric c oligomer from I. tartaricus reconstituted into two-dimensional (2D) 

arrays was the appearance of a central hole on one side and a central plug on the other 

side of the cylinder (Stahlberg et al., 2001). Here, we report that the central plug 

consists of phospholipids, which can be removed without affecting the stability of the 

cylinder. 

 

 

5.3 Materials and methods 

5.3.1 Purification and crystallization of the subunit c oligomer 

 I. tartaricus cells were grown on tartrate minimal medium at 30°C for 18 h (Schink, 

1984). Cells were harvested and the ATP synthase (25 U/mg protein) was purified by 

fractionated precipitation with polyethylene glycol as described (Neumann et al., 1998). 

The c oligomer was isolated from 10 mg heat-disrupted ATP synthase by sucrose 

density gradient centrifugation and gel filtration chromatography in a yield of 0.5 mg. 

2D crystallization was performed at low lipid-to-protein ratio as described (Stahlberg et 

al., 2001) to yield 2D crystals of 0.5¯1 µm. 

 

 

5.3.2 Phospholipase treatment of 2D crystals 

 Crystals of reconstituted subunit c oligomer in 100 mM Tris¯ HCl, pH 7.2 (0.18 

mg/ml protein) (Stahlberg et al., 2001) were mixed with 2.5 units phospholipase C (type 

V, Bacillus cinereus, Sigma, St. Louis, MO, USA). After 2 h incubation at 37°C 

samples were analyzed by atomic force microscopy (AFM). 
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5.3.3 AFM 

 The samples were diluted to a concentration of ~10 µg/ml in 300 mM KCl, 10 mM 

Tris¯ HCl, pH 7.8 and adsorbed to freshly cleaved mica. Contact mode AFM topographs 

were recorded in the same buffer, at room temperature, at a stylus loading force of 

<100 pN and a line frequency of typically 4¯ 6 Hz. The AFM used was a Nanoscope III 

(Digital Instruments, Santa Barbara, CA, USA) equipped with a J-scanner (scan size 

120 µm) and a fluid cell. Cantilevers (Olympus, Tokyo, Japan) had oxide-sharpened 

Si3N4 tips and a spring constant of 0.09 N/m. No differences between topographs 

recorded simultaneously in trace and in retrace direction were observed, indicating that 

the scanning process did not influence the appearance of the biological sample. 

 

 

5.3.4 Phosphate determination 

 Phospholipids were determined as phosphate concentrations according to (Ames and 

Dubin, 1960). Protein solutions of 0.05 ml were mixed with 0.05 ml of 10% 

Mg(NO3)2·6H2O in ethanol and evaporated to dryness over a flame. 0.3 ml of 1 M HCl 

was added and the tubes were heated in a boiling water bath for 15 min to hydrolyze 

any pyrophosphate formed in the ashing procedure. After addition of 0.7 ml of ascorbic 

acid¯ molybdate mixture (Chen et al., 1956) and incubation at 45°C for 20 min, all 

probes were measured at 820 nm. The calibration curve was generated with 5¯ 100 nmol 

potassium phosphate buffer, pH 8.0. An absorbance of 0.13 was obtained from 5 nmol 

of phosphate. 

 

 

5.3.5 Thin-layer chromatography (TLC) 

 Lipid-containing samples were applied to silica gel plates (10×10 cm) together with 

standard lipids (Sigma). After developing in CHCl3/MeOH/H2O 65:25:4 the plate was 

dried, sprayed with primulin dye solution, and lipid spots were visualized by UV light 

(White et al., 1998). 
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5.3.6 Sodium dodecyl sulfate¯ polyacrylamide gel electrophoresis 

(SDS¯ PAGE) 

 SDS¯ PAGE was performed according to Schägger and Jagow (Schägger and Jagow, 

1987) with separating gels containing 13.6% acrylamide¯ bisacrylamide (Acryl-

amide/Bis solution, 37.5:1.0, Bio-Rad, Hercules, CA, USA). Silver staining was 

performed as described (Wray et al., 1981). 

 

 

5.4 Results 

 AFM analysis of 2D crystals of the c11 oligomers of the ATP synthase of 

I. tartaricus showed densely packed individual rotors protruding from the lipid bilayer 

(Fig. 1). Whereas most oligomers were assembled in a ‘pseudo’-hexagonal crystal 

(Fig. 1A), about 5% were found to consist of a rectangular 2D arrangement (Fig. 1B). 

Alternately orientated subunit c oligomers were found, which differed in their 

protrusion from the membrane surface. Since the higher ends of the rings protrude 

1.0±0.2 nm above the lower ends, the AFM stylus cannot resolve the subunits of the 

lower rings. 

 A central plug exhibiting a diameter of 1.7±0.3 nm and protruding by 0.7±0.3 nm 

above the surrounding oligomeric ring was visible on top of all the higher protruding 

rings. The dimensions of these protrusions were extracted from averaged topographs of 

220 c oligomers (Fig. 1C). In order to identify the composition of the central plug, a 

sample with 2D crystals of subunit c cylinders was incubated with phospholipase C. 

Subsequent analysis by AFM showed an almost complete removal of the central 

protrusions surrounded by the subunit c oligomers (Fig. 2). Instead, a central hole 

became apparent, similar to the image of the molecule from its opposite side. We 

conclude therefore that the central plug consists of phospholipids that became degraded 

during the incubation with phospholipase.  
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 Fig. 1. AFM topographs of reconstituted c11 oligomers from ATP synthase of I. tartaricus. 

A: Oligomers assembled in a ‘pseudo’-hexagonal 2D crystal (Stahlberg et al., 2001). B: Occasionally, 

oligomers were observed to assemble into a rectangular 2D crystal. Both crystalline areas are organized in 

a head-to-tail packing. The higher ends of the c11 oligomers are well resolved, whereas the AFM stylus 

cannot effectively penetrate to image the lower ends. C: Average of the 220 higher protruding oligomers 

as in A and B, showing a left-handed vorticity and a central plug. D: 11-fold symmetrized average of C. 

Bottom of D: height section through the oligomeric center. The outer diameter of the oligomers was 

5.4±0.3 nm. These values are slightly larger than those determined by electron microscopy (5.0±0.2 nm) 

due to the AFM tip geometry. Topographs were recorded in 300 mM KCl, 10 mM Tris¯ HCl, pH 7.8 at 

room temperature. 

 

 

Coherent with the average of the plugged oligomer (Fig. 1D), that of the digested 

oligomer (Fig. 2C) showed a left-handed vorticity. Thus, it can be excluded that the 

unplugged oligomer could potentially represent the other oligomeric surface exhibiting 

a right-handed vorticity (Stahlberg et al., 2001). The 2D crystals uniformly exhibited 

rectangular arrangements, indicating that digestion of phospholipids shifts the ‘pseudo’-

hexagonal into a rectangular crystal lattice. This finding suggests that the crystalline 

packing of the oligomers is mainly determined by the lipid-mediated interactions 

between individual oligomers. Fig. 3 shows a comparison by SDS¯ PAGE of crystalline 

samples of the c oligomer before and after incubation with phospholipase C. The 

mobility of the c oligomer was not changed by this treatment, which is consistent with 

the view that the oligomeric status of the ring was not dependent on the presence of 

phospholipids in its central cavity. Furthermore, the isolated c11 oligomer which does 

not contain phospholipids (see below) has the same mobility on SDS¯ PAGE as the two 
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crystalline samples analyzed in Fig. 3 (not shown). Therefore, the same species is 

apparently migrating in SDS-PAGE, implying that the phospholipid plug is removed 

during SDS treatment. 

 

 

 
 Fig. 2. Topograph of reconstituted c11 oligomers treated with phospholipase C. A: The central 

plug of the oligomers was removed. Interestingly, all oligomers of the digested samples were assembled 

into a rectangular assembly. B: Average of 170 oligomers as observed in A, showing 11 subunits 

arranged into a ring-like structure and a central depression. C: 11-fold symmetrized average of B showing 

the left-handed vorticity of the oligomer. Bottom of C: height section through the oligomeric center. After 

digestion, the outer diameter of the oligomers (5.4±0.3 nm) remained unaffected. Topographs were 

recorded in 300 mM KCl, 10 mM Tris¯ HCl, pH 7.8 at room temperature. 

 

 

 It has been observed that the c oligomer from the ATP synthase of I. tartaricus is 

extremely stable, resisting boiling in SDS for at least 5 min (Neumann et al., 1998). To 

investigate whether protein¯protein interactions are exclusively responsible for this 

stability or whether this depends on an interaction with phospholipids, the phospholipid 

content of the ATP synthase and of isolated c11 samples was determined. Based on 

organic phosphate analysis, about 300 mol phospholipids were present per mol of the 

purified ATP synthase. No phospholipids were found, however, in the isolated c11 
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samples. With the amounts analyzed (0.5 mg; 5.2 nmol) we would have been able to 

detect less than 0.5 mol of phospholipid per mol of c11. The lipid content of isolated c11 

was also analyzed by TLC and again negative results were obtained (Fig. 4). Hence, our 

isolated c11 preparations do not contain any bound (phospho)lipids. The stability of the 

c11 oligomer is therefore entirely due to tight protein¯ protein interactions. We conclude 

further that the phospholipid plug observed in the central hole on one surface of the c11 

cylinder is inserted into this location during the reconstitution procedure. 

 

 

 
 Fig. 3. Subunit c oligomer is unaffected by phospholipase C treatment. 2D crystals of c11 from 

I. tartaricus (1 µg protein, lane 1), phospholipase C-treated 2D crystals of c11 after incubation with 

phospholipase C (PLC; 0.5 µg protein, lane 2) and 0.5 µg of phospholipase C (lane 3) were applied to 

13.4% SDS¯ PAGE (Schägger and Jagow, 1987) and protein bands were visualized by silver staining 

(Wray et al., 1981). Protein standards were applied to lane M. The molecular masses of these proteins are 

shown. 
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5.5 Discussion 

 The data presented here do not make it possible to draw unequivocal conclusions 

about the presence or absence of a phospholipid plug in the central hole of the c11 

cylinder within the ATP synthase incorporated into the biological membrane. The 

association with phospholipids during the reconstitution procedure merely indicates a 

strong affinity of the c11 cylinder for hydrophobic molecules to its central cavity. From a 

physiological point of view, such an affinity seems to be highly desirable. It is obvious 

that a cell would not survive with a water-filled hole in the middle of the c11 cylinder 

 

 

 
 Fig. 4. TLC of purified ATP synthase and subunit c oligomer. Samples were applied to a silica 

gel plate and developed in CHCl3/MeOH/H2O 65:25:4. The lipid standards (2 µg each) L-α-phosphatidyl-

serine (PS), L-α-phosphatidylcholine (PC), L-α-phosphatidyl-glycerol (PG), L-α-phosphatidyl-

ethanolamine (PE) and 20 µg β-octylglucoside (OG) are indicated. Whereas no lipids could be detected 

with 2 µg purified c11 in 2% β-octylglucoside-containing buffer (c11), the chloroform/methanol extracts of 

1 µg I. tartaricus cells (IT) and of 20 µg ATP synthase from I. tartaricus (AS) showed similar distribution 

patterns of lipid types. 
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because this would inevitably lead to the collapse of the membrane potential. Hence, 

there must be a seal within the c11 cylinder, which prevents ions from penetrating 

through the hole across the entire bilayer. Such a seal could be provided by the 

phospholipid plug seen in AFM of reconstituted c11 or by another hydrophobic 

compound. Future examinations with the entire ATP synthase are necessary to 

determine whether these compounds are lipids, proteins or a combination of both. In 

this context it is interesting to note that in the X-ray structure of F1 with the adhering c10 

moiety from yeast an elongated mass has been identified within the c10 cylinder, which 

was suggested to consist of phospholipids (Stock et al., 1999). Biochemical data of the 

ATP synthase from Propionigenium modestum and NMR studies of its subunit c 

monomer support a free accessibility of the ion-binding site of subunit c from the 

cytoplasm (Kaim and Dimroth, 1998; Kaim et al., 1998). According to these 

observations an ion-binding site located near the membrane boundary was proposed 

(Dimroth et al., 2000). Consequently, the higher protruding rings as observed by AFM 

(Fig. 1 and Fig. 2) might represent the cytoplasmically exposed region of the protein 

complex. However, lipid insertion from the cytoplasmic side would prevent the binding 

of γ and ε to the hydrophilic loops of the c subunits, and therefore the assignment of the 

higher and lower rings in the 2D crystals to the periplasmic and cytoplasmic sides in the 

native environment still remains to be elucidated. 
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6.1 Abstract 

 The Na+ translocating ATP synthases from Ilyobacter tartaricus and 

Propionigenium modestum contain undecameric c-subunit rings of unusual stability. 

These c11 rings have been isolated from both ATP synthases and crystallised in two 

dimensions. Cryo-transmission electron microscopy projection maps of the c-rings from 

both organisms were identical at 7 Å resolution. Different crystal contacts were induced 

after treatment of the crystals with dicyclohexylcarbodiimide (DCCD), which is 

consistent with the binding of the inhibitor to glutamate 65 in the C-terminal helix on 

the outside of the ring. The c-subunits of the isolated c11 ring of Ilyobacter tartaricus 

were specifically modified by incubation with DCCD with kinetics that were 

indistinguishable from those of the F1Fo holoenzyme. The reaction rate increased with 

decreasing pH but was lower in the presence of Na+ ions. From the pH profile of the 

second order rate constants the pK of glutamate 65 was deduced to be 6.6 or 6.2 in the 

absence or presence of 0.5 mM NaCl, respectively. These pK values are identical to 

those determined for the F1Fo complex. The results indicate that the isolated c-ring 

retains its native structure, and that the glutamate 65 including binding sites near the 

middle of the membrane are accessible to Na+ ions from the cytoplasm through access 

channels within the c-ring itself.  

 

 

6.2 Introduction 

 F1Fo ATP synthases are large multi-subunit protein complexes utilizing an 

electrochemical H+ or Na+ gradient for the production of ATP. The enzyme consists of 

two structurally and functionally distinct parts termed F1 and Fo. The water-soluble F1 

part, which consists of five different subunits with a stoichiometry of α3β3γδε, catalyzes 

ATP synthesis. The membrane-embedded Fo part comprises three different subunits 

which in bacteria are present in a stoichiometry ab2c10-11. Fo conducts the ions across the 

membrane, in a process that drives the rotation of the oligomeric ring of c-subunits 

versus subunit a, converting the energy of the electrochemical H+ or Na+ gradient into 

rotary torque (Dimroth et al., 1999; Elston et al., 1998; Junge et al., 1997). At the 
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cytoplasmic surface the c-ring is connected to subunits γ and ε.  Together, these 

subunits comprise the rotor, whereas subunit a is connected to the stator subunits b2, δ, 

and the catalytic α3β3 assembly. Rotation of γ inside the α3β3 head drives ATP synthesis 

by inducing conformational changes of the nucleotide binding sites (Abrahams et al., 

1994; Boyer, 1993). The intersubunit rotation is confirmed by loss of function upon 

cross-linking a rotor subunit to a stator subunit (Hutcheon et al., 2001; Suzuki et al., 

2002; Tsunoda et al., 2001), but not when different subunits of the rotor or stator are 

cross-linked amongst themselves. Furthermore, the rotation has been observed directly 

by attaching an actin filament to the rotor and then fixing the enzyme to a support via a 

stator subunit, or vice versa (Noji et al., 1997; Pänke et al., 2000; Sambongi et al., 

1999). This rotation has been demonstrated both in the ATP hydrolysis and ATP 

synthesis mode (Kaim et al., 2002). 

 Recent structural work on the Fo motor has revealed that the number of c-subunits 

in the ring is not the same in all species. 10 copies were found in the yeast enzyme 

(Stock et al., 1999), whereas the chloroplast ATP synthase contains 14 (Seelert et al., 

2000) and the enzyme from Ilyobacter tartaricus contains 11 copies (Stahlberg et al., 

2001; Vonck et al., 2002). The c-ring structures from yeast and I. tartaricus show two 

concentric rings of helices around a central cavity (Stock et al., 1999; Vonck et al., 

2002). The inner ring is formed by the N-terminal helices and the outer ring by the C-

terminal helices. In I. tartaricus, the inner ring is very tightly packed. Each of the eleven 

Na+ binding sites formed by the side chains of Q32, E65 and S66 (Kaim et al., 1997), in 

the space between two outer helices and one inner helix (Meier and Dimroth, 2002; 

Vonck et al., 2002). The structure (Vonck et al., 2002) and cross linking data (von 

Ballmoos et al., 2002a) indicate that the binding site residues are located in the center of 

the membrane. There is strong biochemical evidence (Kaim and Dimroth, 1998b; Kaim 

and Dimroth, 1999; Kaim et al., 1998; von Ballmoos et al., 2002b) to show that Na+ 

bound to each of these sites is directly accessible from the aqueous environment. Based 

on this evidence, it was proposed that each ion binding site in the c-ring has its own 

access channel to the cytoplasmic membrane surface (von Ballmoos et al., 2002a; von 

Ballmoos et al., 2002b), as confirmed by the structural model (Vonck et al., 2002). To 

complete the ion path through the membrane, a Na+ conducting half channel in subunit 

a was proposed to provide access from the periplasmic ion reservoir to the binding sites 

at the a/c interface (Kaim and Dimroth, 1998a). Thus, when the c ring rotates against 
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subunit a, each of the 11 binding sites passes by the the stator half channel, accepting a 

Na+ ion. Upon further rotation, the Na+ ion is released into the cytoplasmic reservoirs 

through its rotor intrinsic channel so that per revolution of the c-ring 11 Na+ ions are 

translocated across the membrane. 

 To investigate whether the native structure is preserved in the isolated c-ring, 

additional biochemical evidence is required. We therefore established a new and 

convenient isolation procedure for the c-ring. We show here that the isolated c-ring is 

specifically modified at E65 with DCCD in the same way as the native F1Fo ATP 

synthase. The kinetics of this reaction are the same whether it is performed with the 

isolated c11 ring from I. tartaricus or with the native ATP synthase from this organism. 

As most of our previous work was done with the ATP synthase from Propionigenium 

modestum we also isolated the c-ring from this organism and crystallised it in two 

dimensions. The projection map shows an undecameric structure which is 

indistinguishable from that of the I. tartaricus c-ring. 

 

 

6.3 Results and Discussion 

6.3.1 Purification of the c ring from Ilyobacter tartaricus with retention 

of its oligomeric structure 

 The anaerobic bacterium Ilyobacter tartaricus grown on tartrate minimal medium 

provides a convenient source for the isolation of a Na+-translocating F1Fo ATP synthase. 

Typically, from 40 g of wet cell pellet, 40 mg of highly purified ATP synthase is 

obtained, as shown by SDS-PAGE (Figure 1). The purified enzyme had a specific 

activity of 20-25 U/mg and a protein concentration of 5-10 mg/ml. The ATP synthase 

complex was dissociated by adding 1% lauroylsarcosine and heating to 65°C for 

10 min. Subsequently, all subunits of the ATP synthase except the c oligomer were 

precipitated with ammonium sulphate at 65% saturation. The protein precipitated upon 

dialysis to remove ammonium sulphate and lauroylsarcosine. Re-solubilizing the 

precipitate yielded a concentrated solution of c-rings in the desired detergent. Analysis 

of the purified sample by SDS-PAGE showed that the c oligomer was the only protein 

present and that all other subunits of the ATP synthase had been removed. The mobility 
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of the isolated c oligomer was the same as in the complete ATP synthase, indicating that 

the oligomeric state of the ring did not change during purification. This observation is in 

accord with the unusual stability of the c oligomer, which resists boiling in SDS for 5 

minutes and longer (Neumann et al., 1998). Upon acidification with trichloroacetic acid, 

however, the c oligomer disassembles into its monomeric units (Figure 1). The SDS 

polyacrylamide gel shows a weak band above the c oligomer. The material in this band 

also disassembles during acidification and was therefore assumed to be a c oligomer 

with adhering phospholipids. This was confirmed by the observation that this band 

disappears after incubation with phospholipase C. Phospholipase treatment did not 

change the mobility of the main band, consistent with chemical analyses indicating that 

our c-ring preparation contained only minor, sub-stoichiometric amounts of 

phospholipids (Meier et al., 2001). 

 

 
 Figure 1. SDS-PAGE of c11 isolated from the ATP synthase of I. tartaricus (lane 2) or 

P. modestum (lane 4). Complete dissociation into c monomers occurs by treatment with trichloroacetic 

acid as shown in lanes 3 and 5, respectively. For comparison the purified ATP synthase of I. tartaricus 

was analyzed (lane 1). The gels were stained with silver.  
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6.3.2 Comparison of c-rings from I. tartaricus and P. modestum 

 The c-ring of the Na+-translocating ATP synthase from Propionigenium modestum 

was isolated by the same procedure. This preparation looked very similar to the 

I. tartaricus c-ring by SDS-PAGE (Figure 1). The c-ring of the P. modestum enzyme 

was reconstituted in lipid vesicles and crystallised using the protocol developed for the 

I. tartaricus protein. The projection map at 7 Å resolution from cryo-TEM (Figure 2) 

shows the same pseudo-hexagonal arrangement of ring structures as the I. tartaricus 

map (Stahlberg et al., 2001). In both maps, the handedness of adjacent rings alternates, 

indicating that they have opposite orientations in the membrane. As in I. tartaricus, 

each oligomer is composed of 11 c-subunits, with a ring of tightly packed inner helices 

surrounded by a ring of outer helices.  

 

 

 
 Figure 2. Projection density map of c11 oligomers from Propionigenium modestum at 7 Å 

resolution. The contour map was calculated from a single crystal. A unit cell with dimensions of 

89.7×91.7 Å and an angle of 114.9° is indicated. The unit cell contains two c11 oligomers pointing in 

opposite directions. 
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6.3.3 Labelling of 2-D crystals with DCCD 

 A C-α model based on the 3-D map of I. tartaricus c-rings (Vonck et al., 2002), as 

well as cross-linking and fluorescence quenching data (von Ballmoos et al., 2002a; von 

Ballmoos et al., 2002b) show that Glu65 is located in the middle of the membrane. 

Glutamate 65 is part of the Na+ binding site (Kaim et al., 1997; Vonck et al., 2002) and 

is the target for specific modification by dicyclohexylcarbodiimide (Kluge and Dimroth, 

1993a; Kluge and Dimroth, 1993b). To study the effect of DCCD binding on the 

structure, we labelled the I. tartaricus c-ring crystals with DCCD. In contrast to the 

DCCD-free control sample, this resulted at first in a distinct loss of order of the two-

dimensional crystals, as judged by optical diffraction of negatively stained specimens. 

Over a period of days, the rings rearranged into another crystal form with a different, 

rectangular lattice of 107×110 Å that had a higher packing density and contained 4 rings 

per unit cell (Figure 3). We conclude that labelling of glutamate 65 with DCCD disrupts 

the crystal contacts between the rings in the original unit cell. The 3D map (Vonck et 

al., 2002) shows that the ring has its narrowest diameter at the level of Glu65, and that 

the distance between adjacent rings is more than 20 Å at this point. Glu65 itself is 

therefore not involved in crystal contacts, and a steric clash between DCCD-labelled 

glutamate side chains on different rings can be ruled out on the same basis. Protein-

protein contacts in both crystal forms are exclusively mediated by residues at the upper 

and lower ends of the outer, C-terminal helix (Vonck et al., 2002). The effect on the 

crystal packing is therefore most likely due to a DCCD-induced conformational change 

in the C-terminal helix.  
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 Figure 3. Projection density map of DCCD labelled c11 oligomers of Ilyobacter tartaricus at 8 Å 

resolution, calculated from a single crystal. A rectangular unit cell with dimensions of 107.6×110.5 Å 

containing four c11 rings is indicated.  

 

 

6.3.4 Reaction of the c-ring with DCCD  

 The isolated c-ring of the ATP synthase has no catalytic activity by which its 

functional integrity can be assessed. The c11 protein was therefore reconstituted with 

subunits a and b into an Fo subcomplex or in the additional presence of F1 into the F1Fo 

holoenzyme (Wehrle et al., 2002). The reconstituted enzyme was fully active in various 

Na+ coupled activities, indicating that the c-ring isolated by us retained its physiological 

properties. Another line of evidence was based on the observation that glutamate 65 of 

subunit c in the ATP synthase complex reacts specifically with DCCD at a rate that is 

comparable to enzyme catalysis (Kluge and Dimroth, 1993a). If this unusual reactivity 

is preserved in the isolated c-ring, this would be a strong indication that it has retained 

its functional and structural integrity.  
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 Figure 4. Second order rate constants for ATPase inactivation by DCCD as a function of pH 

without (•) or with 0.5 mM NaCl added (o). Measurements were performed with the ATPase in 

membranes from I. tartaricus (a) or with the isolated enzyme reconstituted into proteoliposomes (b). For 

details see Materials and Methods. Note that the velocity of ATPase inactivation by DCCD depends on 

the DCCD concentration in the membranes. As more lipid is present in the proteoliposome experiments 

than in those with bacterial membranes, the DCCD concentration in the proteoliposome membranes is 

lower than in the bacterial membranes.  
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 To address this issue we first measured the inhibition kinetics of the I. tartaricus 

ATP synthase by DCCD. Figure 4(a) shows the pH and NaCl depedence of the second 

order rate constants for the inhibition of the membrane-bound enzyme by DCCD. While 

no reaction takes place at pH 8.0, the rate increases with decreasing pH to reach its 

maximum below pH 6.0. The inflection point of the titration curve is at pH 6.7. This 

value most likely represents the pK of glutamate 65 of subunit c because this residue 

reacts with DCCD only in its protonated state (Hoare and Koshland, 1967; Khorana, 

1953; Kluge and Dimroth, 1993b). In the presence of 0.5 mM NaCl the titration curve is 

shifted into the acidic range, yielding a pK of 6.1 for cE65. This effect of Na+ ions is 

thought to reflect competition between Na+ and H+ for binding to cE65, thus inhibiting 

the protonation of cE65 that is required for its reactivity (Kluge and Dimroth, 1993b). 

The data of Figure 4(b) show a similar pH profile for the inhibition of purified 

I. tartaricus ATP synthase reconstituted into proteoliposomes. These results obtained 

with the membrane-inserted I. tartaricus ATP synthase closely resemble those obtained 

previously with the enzyme from Propionigenium modestum in detergent solution 

(Kluge and Dimroth, 1993a). We can therefore exclude the possibility that the access of 

protons or Na+ to the cE65 sites of ATP synthase is an artefact caused by the detergent. 

This provides clear evidence in support of our earlier hypothesis (Vonck et al., 2002; 

Meier and Dimroth, 2002; von Ballmoos et al., 2002a; von Ballmoos et al., 2002b) by 

which each of the 11 ion-binding sites in the membrane is accessible from the 

cytoplasmic side through its own channel. The same issue was addressed in a recent 

study investigating the effect of DCCD on the reaction rate of the E. coli ATP synthase 

(Valiyaveetil et al., 2002). In detergent solution the reaction rate increased 

approximately 3-fold when the pH was lowered from 9 to 7, but with the membrane-

inserted enzyme the pH had no effect on the rate constant. It should be noted that the 

reaction rate at high pH did not level off to zero in this study, as is the case for the Na+ 

translocating ATP synthases. The effect of external pH on the DCCD labelling reaction 

is therefore not the same in the proton-driven E. coli ATP synthase and the sodium 

driven enzyme from I. tartaricus (Kluge and Dimroth, 1993a; Valiyaveetil et al., 2002). 
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 Figure 5. Analysis of subunit c of I. tartaricus labelled with DCCD. 20 µg of the c11 oligomer of 

the I. tartaricus ATP synthase in 20 mM MES/MOPS/TRICINE buffer, pH 6.4 containing 0.5 mM NaCl 

and 1% octylglucoside was incubated with 40 µM DCCD for 90 s at 25°C. The reaction was stopped by 

addition of CHCl3/CH3OH (1:1) and the protein extracted into the organic solvent. The reaction mixture 

was analyzed by HPLC on a weak anion exchange column as described under Materials and Methods. 

Two prominent peaks were observed as shown in (a). The corresponding materials were collected and 

subsequently analyzed by MALDI mass spectrometry. The protein eluted at 17.8 min showed a mass of 

m/z = 8796 (b) and that eluted at 13.75 min had a mass of m/z = 9003 (c). The lower mass corresponds to 

subunit c (m/z = 8795) and the higher mass corresponds to subunit c modified by DCCD (m/z = 9001). 
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 To determine the rate at which DCCD reacts with the isolated c-ring, the reaction 

was stopped at specific time points by adding chloroform/methanol which disrupts the 

oligomer. The monomers were extracted into the organic phase and analyzed by HPLC. 

A typical chromatogram (Figure 5(a)) shows the separation of subunit c modified with 

DCCD from the unlabelled c-subunit eluting at 13.75 and 17.8 min, respectively. The 

identity of both peaks was confirmed by MS-MALDI (von Ballmoos et al., 2002a) 

(Figure 5(b)), which indicated masses m/z = 8796 and m/z = 9002 for the unlabelled 

and for the modified c-subunit. These numbers agree closely with the calculated 

molecular masses (m/z = 8795 and m/z = 9001, respectively). 

 A time course for the modification of the c-subunits of c11 at pH 7.2 by DCCD is 

shown in Figure 6. The data show a rapid increase in the content of modified c-subunits 

 

 
 Figure 6. Kinetics of labelling purified c11 oligomer from I. tartaricus with DCCD. The purified 

subunit c oligomer (20 µg) in 20 mM Tris/HCl buffer, pH 7.2 containing 1% octylglucoside was 

incubated with 40 µM DCCD at 25°C (•). The reaction was stopped at various times and product 

formation was subsequently analyzed by ion exchange chromatography as described in Figure 5. 

A parallel experiment was performed in the presence of 0.5 mM NaCl (o).  
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with 50% labelling after 5 min and approaching 90% labelling after 20 min. The 

reaction rate was significantly lower in the presence of 0.5 mM NaCl, where 50% 

labelling was observed after 15 min and 90% labelling was observed after 50 min. 

Figure 7 shows initial rates of c-subunit labelling of c11 by DCCD at different pH values 

and in the absence or presence of 0.5 mM NaCl. The second order rate constants follow 

titration curves with inflection points at pH 6.6 or pH 6.2 for the experiments without 

and with NaCl addition, respectively. These pK values agree with those determined for 

the c-subunits within the ATP synthase complex. Furthermore, the rate constants for the 

labelling reaction of the isolated c-ring agreed closely with those for the c-ring in the 

ATP synthase complex and the protective effect of Na+ on the modification was also 

similar. This native-like behaviour of the isolated c-ring strongly suggests that it has 

retained its native structure.  

 

 
Figure 7. Second order rate constants for the modification of c11 isolated from ATP synthase as a 

function of pH. The c11 oligomer was incubated at 25°C and the pH indicated with 40 µM DCCD and the 

initial rate of the labelling reaction was determined with samples analyzed by HPLC. Incubation mixtures 

contained either no NaCl (•) or 0.5 mM NaCl (o). Details are described under Materials and Methods. 
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 The H+ and Na+ dependence of the reaction of cE65 with DCCD in the isolated ring 

(Figure 6) is very similar to that in the membrane-embedded enzyme (Figure 4(a)). This 

indicates clearly that the access of H+ and Na+ ions to the binding site at cE65 in the 

middle of the membrane does not depend on subunit a or another ATP synthase subunit. 

The most straightforward explanation is a channel leading from the inner membrane 

surface to each binding site. Our model of the c-ring structure (Vonck et al., 2002) 

shows that such a polar access route exists at the interface between the cytoplasmic 

halves of adjacent c-subunits. Hence, our data are fully consistent with the rotary model 

for Na+-translocation through 11 cytoplasmic half channels in the c-subunit ring and one 

periplamic half channel in subunit a (Meier and Dimroth, 2002; von Ballmoos et al., 

2002a; von Ballmoos et al., 2002b; Vonck et al., 2002).  

 It has been argued that the exposure of the c-ring to protons or Na+ ions for about 

one minute during the DCCD reaction may cause the formation of artefactual channels 

by which E65 is then reached. Although we consider this to be highly improbable, we 

nevertheless performed an experiment to show that the c-subunit half channel is 

unaffected by the reaction conditions and fully operational on a much shorter time scale. 

We monitored the labelling of cE65 with N-cyclohexyl-N’-(1-pyrenyl)carbodiimide 

(PCD), a fluorescent DCCD derivative (von Ballmoos et al., 2002b). The increase in 

fluorescence is due to the reaction product and the kinetics of the reaction can therefore 

be followed directly in the fluorimeter. The results of Figure 8 show very slow product 

formation at pH 8.45, as expected, and a dramatic increase of the reaction rate following 

a pH jump to pH 6.1. There was no delay in the rate increase within the time resolution 

of this experiment (< 5 s), indicating that protons access the cE65 sites within less than 

5 s. Upon further addition of 15 mM NaCl, the modification reaction stopped 

immediately (< 5 s), indicating that Na+ like H+ reaches the cE65 sites in less than 5 s. 

This rapid access of the deeply membrane buried cE65 sites by Na+ or H+ leaves no 

doubt that these ions reach the sites through hydrophilic access channels. This result 

further corroborates our model by which the periplasmic half channel resides in the a 

subunit, whereas the cytoplasmic half channel is formed at the interface between 

adjacent c-subunits in the ring. However, our new data is difficult to reconcile with an 

alternative model proposed for the E. coli ATP synthase (Junge et al., 1997) which has 

both half channels in the a subunit. 
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Figure 8. Kinetics of the modification of E65 of the isolated c-ring from I. tartaricus by PCD in 

response to pH and Na+ concentration. A sample of purified I. tartaricus c11 oligomer (50 µg protein) 

in 270 µl 5 mM Tris/HCl buffer, pH 8.45 containing 1.5% octylglucoside was incubated with 50 µM 

PCD from a 10 mM stock solution in dimethylformamide. The fluorescence increase at 377 nm 

(excitation wavelength 342 nm) which is due to the formation of the covalent reaction product between 

PCD and cE65 (von Ballmoos et al., 2002b) was followed continuously. As indicated, the pH in the 

reaction mixture was immediately lowered to 6.1 by adding 30 µl of 0.5 M MES/MOPS/TRICINE buffer, 

pH 6.0 leading to a dramatic increase of the reaction velocity. The reaction was stopped immediately by 

adding 1 µl NaCl from a 5 M stock solution to yield a Na+ concentration of 15 mM. 

 

 

 The high degree of homology between the Fo c-subunits (Vonck et al., 2002) makes 

it likely that the c-subunits of the E. coli ATP synthase have a similar structure, with 

hydrophilic channels providing access to D61 which have the same membrane 

topography as cE65 of I. tartaricus (von Ballmoos et al., 2002b). This is however not 

certain at present because structural data for the entire c-ring of this enzyme are not 

available. c-Ring models derived from the NMR structure of the monomer in organic 

solvent (Dmitriev et al., 1999; Girvin et al., 1998) may not reflect the true structure of 

the c-subunit in a functional assembly because it is likely that protein/protein 
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interactions affect the conformation of the protein. This was apparent in the NMR 

structure of the c-subunit monomer of P. modestum which was analyzed in SDS 

micelles or in chloroform/methanol/H2O (Matthey et al., 2002; Matthey et al., 1999). 

The observed secondary structure was dependent on the solvent used and no stable 

tertiary structure was found in either condition. Moreover, labelling of the c monomer 

by DCCD was approximately 400 times slower than in the intact c11 ring (Kluge and 

Dimroth, 1994; Matthey et al., 1997). This is strong evidence to show that there may be 

important differences in conformation between the c-subunit in the functional 

oligomeric assembly and the monomer solubilized in detergent or organic solvents. 

 In summary, we present conclusive evidence that the c11 ring isolated from the ATP 

synthases of Ilyobacter tartaricus or Propionigenium modestum has retained its native 

structure. Therefore it is strongly indicated that our recent structural analysis shows the 

native structure of the c11 oligomer (Vonck et al., 2002). We confirm and extend our 

previous conclusion (Meier and Dimroth, 2002; von Ballmoos et al., 2002a; von 

Ballmoos et al., 2002b; Vonck et al., 2002) that the membrane-embedded ion binding 

sites in the c11 ring are accessible for Na+ or H+ by intrinsic half channels without the 

participation of other subunits. 

 

 

6.4 Materials and Methods 

6.4.1 Materials 

 Solvents and chemicals were purchased from Fluka (Buchs, Switzerland). HPLC 

grade chloroform and methanol were supplied by Amtech Chemie (Kölliken, 

Switzerland). N-lauroylsarcosine and n-octyl-beta-D-glucopyranoside were obtained 

from Sigma and Glycon Biochemicals, respectively. POPC was purchased from Avanti 

Polar Lipids (Alabaster, AL). PCD was purchased from Molecular Probes, Leiden, The 

Netherlands. The amount of endogenous Na+ was minimized by using chemicals with 

low Na+ content. 
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6.4.2 Purification of I. tartaricus c11 oligomer 

 I. tartaricus cells (DSM 2382) were grown on tartrate minimal medium and ATP 

synthase was purified as described (Neumann et al., 1998). Purified ATP synthase from 

I. tartaricus was mixed with 1% of N-lauroylsarcosine and incubated for 10 min at 

65°C. After cooling to room temperature, (NH4)2SO4 was added to a final concentration 

of 65%. The mixture was incubated for 20 min at 25°C and centrifuged. The c11-

containing supernatant was filtered through a 0.22 µm filter unit (Millipore) and 

dialyzed against 10 mM Tris/HCl buffer, pH 8.0 over night at room temperature. The 

precipitated c oligomer was resolubilized with dialysis buffer containing the desired 

detergent. 

 Reconstitution of Fo and F1Fo with purified c11 oligomer and determination of Na+ 

transport has been described elsewhere (Wehrle et al., 2002). 

 

 

6.4.3 DCCD labelling reactions 

 Membranes of I. tartaricus were prepared as described (Neumann et al., 1998) 

without detergent and dissolved to a concentration of 2 mg protein per ml in 0.1 M 

MES/MOPS/TRICINE buffer adjusted pH 5.5 to 9.0 with KOH. For each pH the 

incubation mixture contained 0.4 mg protein in 200 µl membrane suspension and 30 µM 

DCCD. After various incubation times at 25°C, the reactions were terminated by 

diluting 15 µl samples into 985 µl of assay buffer and ATP hydrolysis activity was 

monitored by the coupled spectrophotometric enzyme assay as described (Laubinger 

and Dimroth, 1988). 

 Purified I. tartaricus ATP synthase was reconstituted into preformed palmitoyl-

oleyl phosphatidylcholine (POPC) vesicles (protein:lipid = 1:80)(von Ballmoos et al., 

2002a) and incubated for 1h in 0.1 M MES/MOPS/TRICINE buffer adjusted to a pH 

between 5.5 and 9.0 with KOH. Solutions containing 0.75 mg protein per ml were kept 

at 25°C and supplied with 30 µM of DCCD using a 5 mM stock solution in ethanol. 

After various incubation times samples of 25 µl were taken and diluted 1:40 in the assay 

buffer. ATP hydrolysis activity was determined immediately by the coupled assay 

(Laubinger and Dimroth, 1988). 
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 Labelling of the c11 oligomer from I. tartaricus was performed in 500 µl incubation 

mixture containing 125 µg of purified subunit c oligomer from I. tartaricus, 20 mM 

each of MES/MOPS/TRICINE buffer adjusted with KOH to a pH between 5.0 and 6.8 

or 20 mM Tris buffer adjusted with HCl to a pH between 7.2 and pH 8.0, 1% n-octyl-

beta-D-glucopyranoside and 40 µM DCCD. Samples of 80 µl were taken at various 

times and the reactions were terminated by adding 0.8 ml CHCl3/MeOH (1:1). Phase 

separation was induced by adding 0.2 ml H2O. The CHCl3 phase was collected and 

analyzed by HPLC on a Synchropak WAX300 column (SynChrom, Inc.) at a flow rate 

of 1 ml/min. After applying the sample, the column was washed with 5 ml 

CHCl3/MeOH/H2O (4:4:1) (solvent A) and proteins were eluted by a linear gradient of 

solvent A to 40% solvent B (CHCl3/MeOH/0.9 M aqueous ammonium acetate (4:4:1)) 

applied within 25 min. Protein elution was monitored at 280 nm and peaks from DCCD 

labelled and unlabelled subunit c were integrated. MALDI analysis of collected peak 

fractions was performed as described (von Ballmoos et al., 2002a).  

Second order rate constants (k2) were calculated from the equation: 
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where A0 and B0 represent the protein concentration and the initial DCCD 

concentration, respectively; x corresponds to the product concentration (inhibited 

ATPase or DCCD labelled subunit c and t is the incubation time in min. 

 

 

6.4.4 Two-dimensional crystallization 

 The c11 oligomers isolated from both Ilyobacter tartaricus and Propionigenium 

modestum were crystallised in two dimensions by a modification of the method 

described (Stahlberg et al., 2001). Octylglucoside-solubilized protein with a final 

concentration of 1 mg/ml was mixed with POPC at a lipid-to-protein ratio of 0.5 (w/w) 

and dialyzed against 25 ml buffer (10 mM Tris/HCl pH 7.5, 200 mM NaCl, 3 mM 

NaN3) for 24 h at 20°C, then at 37°C for another 24 h. To remove excess lipids the 

crystals were sedimented and the supernatant was exchanged against an equal volume of 

NaCl-free dialysis buffer. 
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6.4.5 DCCD labelling of 2-D crystals 

 Samples with 2-D crystals of Ilyobacter tartaricus were treated with DCCD at a 

final concentration of 5 mM (using a stock solution of 1 M DCCD in ethanol) and 

incubated for 24 h at room temperature. 

 

 

6.4.6 Electron microscopy and image processing 

 Labelled and unlabelled 2-D crystals were initially screened in negative stain (1.5% 

uranyl acetate). Samples for cryo-electron microscopy were prepared in 4.5% (w/v) 

trehalose on molybdenum grids by the back-injection method as described (Vonck, 

2000). Grids were examined in a JEOL 3000 SFF helium cooled electron microscope 

operating at 300 kV. Images were recorded by a spot-scanning procedure with 26×32 

spots per image on Kodak S0-163 film at a magnification of 70,000×. Films were 

digitized on a Zeiss SCAI scanner using a pixel size of 7 µm, corresponding to 1 Å on 

the specimen. Images were corrected for lattice distortions and effects of the contrast 

transfer function using the MRC image processing package (Crowther et al., 1996). A 

2-D projection density map was calculated from the data with CCP4 programs 

(Collaborative Computational Project, 1994). 

 A peak in the ring centre occurs in most projection maps of c-rings from both 

species, but its intensity varies, depending on the resolution. It is most likely due to 

Fourier chain termination at intermediate resolution which may result in a ripple in the 

centre of a strong ring-like density. It is not observed in the three-dimensional map of 

the I. tartaricus ring (Vonck et al., 2002) which shows that it is not a real feature of the 

c-ring assembly.  
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7.1 Summary 

 The sodium ion translocating F1F0 ATP synthase from the bacterium Ilyobacter 

tartaricus contains a remarkably stable rotor ring composed of eleven c subunits. The 

rotor ring was isolated, crystallised in two dimensions and analysed by electron cryo-

microscopy. Here we present an α-carbon model of the c-subunit ring. Each monomeric 

c subunit of 89 amino acid residues folds into a helical hairpin consisting of two 

membrane-spanning helices and a cytoplasmic loop. The eleven N-terminal helices are 

closely spaced within an inner ring surrounding a cavity of ~17 Å (1.7 nm). The tight 

helix packing leaves no space for side chains and is accounted for by a highly conserved 

motif of four glycines in the inner, N-terminal helix. Each inner helix is connected by a 

clearly visible loop to an outer C-terminal helix. The outer helix has a kink near the 

position of the ion-binding site residue Glu65 in the centre of the membrane and another 

kink near the C-terminus. Two helices from the outer ring and one from the inner ring 

form the ion binding site in the middle of the membrane and a potential access channel 

from the binding site to the cytoplasmic surface. Three possible inter-subunit ion-

bridges are likely to account for the remarkable temperature stability of Ilyobacter 

tartaricus c-rings compared to those of other organisms.  

 

 

7.2 Introduction 

 F1F0 ATP synthases are large protein complexes in bacterial, mitochondrial and 

thylakoid membranes that use an electrochemical proton or sodium ion gradient across 

the membrane to generate ATP, the energy currency of the cell. Detailed knowledge on 

structure and function of the water-soluble, catalytic F1 headpiece is available 

(Abrahams et al., 1994; Gibbons et al., 2000; Rodgers and Wilce, 2000), which in 

bacteria has the subunit composition α3β3γδε. Alternating α and β subunits form a 

hollow cylinder surrounding the γ subunit, part of which protrudes from the bottom of 

the cylinder and forms the central stalk together with the ε subunit. At its foot the stalk 

is connected to the oligomeric c-ring of the membrane-intrinsic F0 part (Gibbons et al., 

2000; Stock et al., 1999). Interestingly, the number of c subunits within the ring varies 
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among species, being 10, 11 or 14 for the ATP synthases from yeast mitochondria 

(Stock et al., 1999), from the bacterium Ilyobacter tartaricus (Stahlberg et al., 2001) or 

from spinach chloroplasts (Seelert et al., 2000), respectively. In bacteria, the F0 part 

consists of two additional subunit species a and b2 which are connected laterally to the 

c-ring (Birkenhäger et al., 1995; Jiang and Fillingame, 1998; Singh et al., 1996; 

Takeyasu et al., 1996). The major part of the two b subunits is α-helical, making up the 

peripheral stalk which connects subunit a to a complex of subunits α and δ (McLachlin 

et al., 1998; Wilkens and Capaldi, 1998).  

 The ATP synthase is the smallest known rotary motor. Several pieces of 

experimental evidence indicate that ATP hydrolysis elicits the rotation of the rotor 

subunits γ, ε and c10-14 against the stator subunits α3β3δab2 (Noji et al., 1997; Pänke et 

al., 2000; Sambongi et al., 1999). Most current models for ATP synthesis imply that the 

flux of H+ or Na+ across F0 induces rotary movement of the rotor versus the stator. This 

rotation promotes conformational changes of the β subunits which are instrumental for 

catalysing ATP synthesis and releasing tightly bound ATP from the catalytic sites 

(Abrahams et al., 1994; Boyer, 1993).  

 Details of the torque-generating mechanism are unknown, mainly because structural 

information on the F0 part of the molecule is limited. So far, most structural studies have 

been performed with subunit c. Atomic force microscopy (AFM) images and projection 

maps obtained by electron microscopy have been described for the undecameric rotor 

ring of I. tartaricus (Stahlberg et al., 2001) and for the c14 oligomer from spinach 

chloroplasts (Seelert et al., 2000). Furthermore, a 3.9 Å x-ray structure is available for 

the F1c10 complex from yeast (Stock et al., 1999). Monomeric subunit c from 

Escherichia coli, studied by NMR in organic solvent, was found to fold as a helical 

hairpin (Girvin et al., 1998), confirming previous labelling experiments with the 

membrane bound complex (Hoppe, 1984). In contrast to subunit c of E. coli, that of 

Propionigenium modestum did not fold into a stable three-dimensional structure in 

detergent or in organic solvent, possibly because the structure must be stabilised by 

intersubunit contacts (Matthey et al., 1999). 

 The mechanism of H+ or Na+ translocation across F0 involves binding of the 

coupling ions to the c subunit binding site (Dimroth et al., 1999). This is a conserved 

acidic residue in the C-terminal helix in case of H+-translocating ATP synthases and 

includes Gln32 on the N-terminal helix and Glu65 and Ser66 on the C-terminal helix in 
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the Na+ translocating ATP synthases from P. modestum or I. tartaricus (Kaim et al., 

1997). Despite extensive biochemical evidence for direct access from the Na+ binding 

site to the cytoplasmic surface (Kaim and Dimroth, 1998; Kaim et al., 1998), recent 

cross-linking data have shown that the site is in contact with the fatty acid side chains of 

phospholipids and therefore in the centre of the membrane (von Ballmoos et al., 2002).  

 An elegant solution to this dilemma becomes apparent from our present work where 

we present an electron crystallographic model of the c11 ring from Ilyobacter tartaricus. 

We can locate the ion binding site near the middle of the membrane where ligands are 

contributed from one inner helix and two outer helices, and a putative access channel 

between the binding site and the cytoplasm can be identified.  

 

 

7.3 Results and Discussion 

7.3.1 3-D map of the c-ring 

 We have previously shown that the Na+-translocating F1F0 ATP synthase of 

Ilyobacter tartaricus contains a c subunit rotor ring of unusual stability which resists 

boiling in SDS solution for 5 minutes (Neumann et al., 1998). Analysis of the F1F0 ATP 

synthase or the isolated rotor ring by SDS-PAGE showed the same mobility for the c 

oligomer, indicating that the number of c subunits in the oligomer did not change during 

the isolation procedure. A native-like structure of the isolated c oligomer is indicated by 

reconstitution experiments: upon combining the c oligomer with subunits a and b and 

with the F1 headpiece functional, Na+ coupled ATP synthase was recovered (Wehrle et 

al., 2002). Furthermore, the modification of glutamate 65 of subunit c by 

dicyclohexylcarbodiimide (DCCD) in the F1F0 complex or in the isolated c subunit 

oligomer was indistinguishable kinetically (manuscript in preparation). Hence, we are 

confident that the isolated c ring of I. tartaricus retains its native structure.  

 The isolated c rings were crystallised in two dimensions and projection maps of the 

2-D crystals showed that the rings are composed of 11 subunits (Stahlberg et al., 2001). 

We have improved the quality of the 2-D crystals, which grew up to 2 µm in size. 

Analysis of these crystals by electron microscopy and correction of lattice distortions 

gave measurable amplitudes and phases to 4 Å resolution. The 2-D crystals are of plane  
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 Figure 1. Projection map of a c-ring crystal image at 4 Å resolution. One unit cell is outlined. 

 

 

group p1 (Table 1) and contain two c11 rings in the unit cell, facing in opposite 

directions. A projection map calculated to 4 Å resolution (Figure 1) shows an inner and 

an outer ring of 11 densities each, representing the helices. A 3-D map was calculated 

from images of tilted crystals to 4 Å resolution in-plane and 15 Å vertically (Table 1). 

In the map two concentric rings of 11 helices can be recognised. In the intact F0 the c-

ring may be asymmetric because of interactions of a few subunits with the stalk formed 

by γ and ε (Stock et al., 1999) and by lateral interaction with the a subunit, as well as 

differences in charge because of ion binding (Rastogi and Girvin, 1999). However, in 

the isolated c-ring all these interactions are missing, so all subunits are equivalent and 

the rings have inherent 11-fold rotational symmetry. Imposing this non-crystallographic 
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symmetry on the map greatly improved the quality. Symmetry was imposed 

independently on both rings in the asymmetric unit (Figure 2). Both symmetrised rings 

show the same features, which provide an independent check on the quality of the map.  

 The map (Figure 2) shows two rings in the unit cell of approximately cylindrical 

shape. The outer diameter is ~45 Å in the middle of the membrane and ~50 Å at the top 

and bottom, enabling crystal contacts between the interdigitating outer helices at this 

level. The ring has a height of about 70 Å and encloses a central cavity with a diameter 

of ~17 Å with low density in the map. One side protrudes further from the membrane 

than the other by ~10 Å, as was previously observed by AFM (Stahlberg et al., 2001). 

 The 2-D crystals contain a lipid bilayer into which the c11-rings are inserted in 

alternating up and down orientations. This enables us to deduce the position of the lipid 

bilayer relative to the c-ring surface: the centre plane of the 2-D crystal must correspond 

to the middle of the membrane. Assuming a thickness of the fatty acid tails of the lipid 

bilayer of ~35 Å (Belrhali et al., 1999; Luecke et al., 1999), the boundaries of the 

hydrophobic part of the membrane  can be localised at equal distances above and below 

the central plane of the 2-D crystal (Figure 2). The yeast F1c10 crystals (Stock et al., 

1999) do not contain a lipid bilayer, therefore the position of the c10-rings in the 

membrane could not be deduced in that study.  

 

 

 Table 1. crystallographic data 

Plane group p1 
unit cell parameters a=91.7 Å 

b=89.7 Å 
γ=114.9o 

number of images 55 (10 at 0o, 6 at 20o, 26 at 30o, 13 at 45o) a 
number of observations 15,242 
overall weighted phase error 19.5  
effective resolution  
          in-plane 
          vertical 

 
4Å 
~15Åb 

a untilted images were merged to 4Å, tilted images to 6Å resolution.  
b from the point spread function (Unger and Schertler, 1995). 
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 Figure 2. 3-D density map of c-subunit rings after applying 11-fold non-crystallographic 

symmetry. The two rings in the unit cell are shown in red and green, respectively. (A) view normal to the 

membrane plane. The red ring is shown at two different contour levels, the lower one showing the loops. 

(B) Side view. The position of the membrane is indicated by yellow lines. (C) Cut-off side view at a 

higher contour level than in (B). Note the section of larger density on the inner helix on both rings, just 

after the loop region. (D) section through the ring near the centre. Red, density as in (B) with all data to 

4 Å included. Yellow, a map with resolution cut-off at 6 Å. 



108 7. Architecture of ATP synthase rotor 

 The loops connecting membrane-spanning helices are rarely resolved in electron 

crystallographic maps. However, in the present map of the Ilyobacter c rings, the loops 

connecting the inner and outer helices of each c subunit are clearly visible at low 

contour levels (Figure 2(A)), indicating that the loop is short and well-ordered. 

 

 

7.3.2 Helix packing 

 Electron crystallography can normally resolve transmembrane helices, especially 

when they are roughly perpendicular to the membrane (Henderson et al., 1990; 

Kühlbrandt et al., 1994; Walz et al., 1997; Williams, 2000).  

 

 
Bact. Na+: 1       10        20        30        40        50        60        70        80       89 
 1 I. tartarMDMLFAKTVVLAASAVGAGTAMIAGIGPGVGQGYAAGKAVESVARQPEAKGDIISTMVLGQAIAESTGIYSLVIALILLYANPFVGLLG 
 2 P. modestMDMVLAKTVVLAASAVGAGAAMIAGIGPGVGQGYAAGKAVESVARQPEAKGDIISTMVLGQAIAESTGIYSLVIALILLYANPFVGLLG 
 3 A. woodii   MEGLDFIKACSAIGAGIAMIAGVGPGIGQGFAAGKGAEAVGRQPEAQSDIIRTMLLGAAVAETTGIYGLIVALILLFANPFF 
Bacterial H+: 1       10        20        30        40        50        60        70       79 
 4 E. coli      MENLNMDLLYMAAAVMMGLAAIGAAIGIGILGGKFLEGAARQPDLIPLLRTQFFIVMGLVDAIPMIAVGLGLYVMFAVA 
 5 Anabaena sp. MDPLVSAASVLAAALAVGLAAIGPGIGQGNAAGQAVEGIARQPEAEGKIRGTLLLSLAFMEALTIYGLVVALVLLFANPFA 
 6 Bacillus firmus     MAFLGAAIAAGLAAVAGAIAVAIIVKATIEGTTRQPELRGTLQTLMFIGVPLAEAVPIIAIVISLLILF 
 7 Aquifex aeo...ASVAKGLLYLGAGLAIGLAGLGAGVGMGHAVRGTQEGVARQPNAGGRLQTLMFIGLAFIETIALYGLLIAFILLFVV 
 8 Bacillus subtilis   MNLIAAAIAIGLGALGAGIGNGLIVSRTVEGIARQPEAGKELRTLMFMGIALVEALPIIAVVIAFLAFFG 
 9 B. alcalophilus     MGLLGAAIVAGLAAVGGAIAVAIIVKSTIEGVTRQPELKGTLQTLMFIGVPLAEAVPIIAIVMGFLIMGNA 
10 B. megaterium       MGLIASAIAIGLAALGAGIGNGLIVSKTIEGTARQPEARGTLTSMMFVGVALVEALPIIAVVIAFMVQGK 
11 ClostridiuMNIDSHTFLLGMQYLGAGLAAIGCIGGGVGIGTVTGKAVEAIGRQPESASKVMPTMIMGLAFAEVTSLYALFVAIMLLFVK 
12 Mycoplasma...NVTLTNHVGAYIGAGMAMTAAAGVGVGQGFASGLCATALARNPELLPKIQLFWIVGSAIAESSSIYGLIIAFILIFVAR 
13 Enterococcus hirae  MNYIAAAIAIMGAAIGAGYGNGQVISKTIESMARQPEMSGQLRTTMFIGVALVEAVPILGVVIALILVFAV 
14 Haemophilus inMETVITATIIGASILLAFAALGTAIGFAILGGKFLESSARQPELASSLQTKMFIVAGLLDAIAMIAVGISLLFIFANPFIGLLN 
Chloroplast: 
15 Antithamnion MDSIISAASVIAAGLAVGLAAIGPGIGQGSAAANAVEGIARQPEVEGKIRGTLLLSLAFMESLTIYGLVVALSLLFANPYTG 
16 Chlorella vulMNPIVAAASVIAAGLAVGLAAIGPGMGQGTAAGYAVEGIARQPEAEGKIRGALLLSFAFMESLTIYGLVVALALLFANPFAG 
17 Galdieria    MDSIISAASVIAAGLAVGLAAIGPGIGQGTASAQAVEGIARQPEAEGKIRGTLLLSLAFMEALTIYGLVVALSLLFANPFINQ 
18 Cyanophora paMDATVSAASVIAAALAVGLAAIGPGIGQGTAAGQAVEGIARQPEVDGKIRGTLLLSLAFMEALTIYGLVVALALLFANPFV 
19 Euglena graciMNPIICAASVIGAGLAIGLGAIGPGIGQGTASGKAIEGLARQPEAEGKIRGTLLLSLAFMEALTIYGLVVALAIIFANPFV 
20 Guillardia thMNPIVSAASVVASGLSVGLAAIGPGIGQGTAAAQAVEGIARQPEAEGRIRGTLLLSLAFMESLTIYGLVVALALLFANPFTS 
21 Ochrosphaera MNPIVSGASVVAAGLAIGLAAIGPGIGQGTAAAQAVEGLARQPEAEGKIRGTLLLSLAFMESLTIYGLVVALCLLFANPFAG 
22 Odontella sinMDSIISAASVIAAGLAIGLAAIGPGIGQGNAAGQAVEGIARQPEGENKIRGTLLLSLAFMEALTIYGLVVALALLFANPFNG 
23 Pisum sativumMNPLIAAASVIAAGLAVGLASIGPGVGQGTAAGQAVEGIARQPEAEDKIRGTLLLSLAFMEALTIYGLVVALALLFANPFV 
24 Pinus thunberMDPLISAASVIAAGLSVGLASIGPGVGQGTAAGQAVEGIARQPEAEGKIRGTLLLSLAFMEALTIYGLVVALALLFANPFV 
25 Porphyra purpMDSIVSAASVIAAGLAVGLAAIGPGIGQGSAAANAVEGIARQPEVEGKIRGTLLLSLAFMESLTIYGLVVALSLLFANPYVG 
26 Spinacia olerMNPLIAAASVIAAGLAVGLASIGPGVGQGTAAGQAVEGIARQPEAEGKIRGTLLLSLAFMEALTIYGLVVALALLFANPFV 
Mitochondrial: 
27 Bos Taurus  ...RDIDTAAKFIGAGAATVGVAGSGAGIGTVFGSLIIGYARNPSLKQQLFSYAILGFALSEAMGLFCLMVAFLILFAM 
28 Marchantia polymoMLEGAKLIGAGAATIALAGAAVGIGNVFSSLINSVARNPSLAKQLFGYAILGFALTEAIALFALMMAFLILFVF 
29 Paramecium     MLLVLAIKTLVLGLCMLPISAAALGVGILFAGYNIAVSRNPDEAETIFNGTLMGFALVETFVFMSFFFGVIVYFI 
30 Arabidopsis thaliMLEGAKSIGAGAATIASAGAAIGIGNVFSSLIHSVARNPSLAKQSFGYAILGFALTEAIALFAPMMAFLILFVF 
31 Chondrus crispMNVTLQSAKMIGAGLATIGLTGVGAGVGIVFGSLVMAYARNPSLKQQLFGYTILGFALTEAVALFALMMAFLILFT 
32 Pisum staivum    MLEGAKSIGAGAATIASAGAAVGIGNVFSSLIHSVARNPSLAKQLFGYAILGFALTEAIALFALMMAFLILFVF 
33 Petunia sp.      MLEGAKSMGAGAATNASAGAAIGIGNVLSSSIHSVARNPSLAKQLFGYAILGFALTEANASFAPMMAFLISFVFQVR 
34 Nicotiana tabacumMLEGAKLMGAGAATIALAGAAIGIGNVFSSLIHSVARNPSLAKQLFGYAILGFALTEAIALFALMMAFLISFVF 
35 Trichophyton rubrMIQAAKIIGTGLATTGLIGAGVGIGVVFGALILGVARNPSLRGLLFSYAILGFAFSEATGLFALMMAFLLLYVA 
36 Triticum aestivumMLEGAKLIGAGAATIALAGAAVGIGNVFSSLIHSVARNPSLAKQLFGYAILGFALTEAIALFALMMAFLILFVF 
37 Hansenula wingeMQLVLAAKYIGAAIATIGLLGAGIGIAIVFAALINGTSRNPSLRNTLFPFAILGFALSEATGLFCLMISFLLLYGV 
38 S. cerevisiae  MQLVLAAKYIGAGISTIGLLGAGIGIAIVFAALINGVSRNPSIKDTVFPMAILGFALSEATGLFCLMVSFLLLFGV 
                      ----------------------------------     --------------------------------- 

 Figure 3. Alignment of c-subunit sequences for 38 species. 1-3, bacterial Na+ translocating; 4-14, 

bacterial H+ translocating; 15-26, chloroplast; 27-38, mitochondrial. Residue numbers are given for the 

I. tartaricus and the E. coli sequence. Highly conserved positions are shadowed in black. Helical regions 

are indicated below the sequences. 
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The Ilyobacter tartaricus c-rings are unusual in this respect: at 7 Å resolution, the inner 

ring of helices appears as a continuous, cylindrical wall of density (Figure 2(D)). The 11 

inner-ring helices are resolved only when data to 4 Å resolution in-plane is included, 

due to their unusually tight packing with a centre-to-centre distance of 6.5 Å. The two 

helices of one c subunit are identified unambiguously in the map as they are linked by 

the hairpin loop. The helices in the inner ring are straight, with an outward curve at both 

ends. In the central part, the helices are packed very tightly side-by-side. The tight helix 

packing leaves no room for side chains, and therefore the residues at the helix interface 

must be glycines. This enables us to assign the inner helices to the N-terminal half of 

the c subunit sequence. In Ilyobacter, a stretch of 26 residues starting at Ala12 contains 

9 Ala and 8 Gly residues. Four of the glycines (27, 29, 31 and 33 in I. tartaricus) form a 

characteristic xGxGxGxGx pattern (Figure 3). A helical wheel plot (Figure 4(A)) shows 

that the four conserved glycines fall on two opposite sides of the N-terminal helix, 

consistent with the tight side-by-side packing of the inner helices. A comparison of 

sequences of c-subunits from 38 widely different organisms shows that the 

xGxGxGxGx pattern is highly conserved in all bacterial, chloroplast and mitochondrial 

ATP synthases. Glycines in this sequence are only rarely replaced by alanines 

(Figure 3). This suggests that the tight packing of the inner ring of helices is a feature 

common to the c rings of all ATP synthases. The tight packing may be necessary to 

prevent the leakage of ions into the central cavity of the ring. 

 

 

 
 Figure 4. Helical wheel plots for the regions Ile23-Gly37 (A) and Gly60-Ile77 (B). Size of the 

lettering indicates size of the side chain for the consensus residue at this position. View from the 

cytoplasmic side. The sequence shown is for the Ilyobacter tartaricus c-subunit. 
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 The helical wheel of Figure 4(A) shows that residues with large hydrophobic side 

chains, primarily leucines and isoleucines, cluster on one side of the N-terminal helix 

(residues 23, 26, 30 and 34) whereas there is only one large side chain (Gln32 in 

I. tartaricus) on the opposite helix surface. Gln32 is part of the Na+ binding site in 

P. modestum (Kaim et al., 1997) which shares high homology with I. tartaricus 

(Figure 3), and therefore this side of the N-terminal helix has to face the C-terminal 

outer helix. Also on this helix face is a proline (Pro28) which is completely conserved 

in chloroplast ATP synthases and bacterial Na+-translocating ATP synthases (Figure 3). 

Pro28 has also been suggested to play a role in the Na+ binding pocket (Rahlfs and 

Müller, 1997). The cluster of bulky hydrophobic side-chains on the opposite side of the 

helix is thus facing the central cavity of the ring. At the periplasmic, N-terminal end, the 

inner helix turns slightly outward to accommodate the bulky first 11 residues, which in 

Ilyobacter tartaricus contain no glycines and only a single alanine. This region of the 

structure varies in length in different species and is not highly conserved, but it always 

contains large and/or charged residues. At the cytoplasmic side, the inner helix also 

curves outwards.  

 Whereas the inner helix is only slightly curved, the outer, C-terminal helix has a 

more complex S-shape (Figure 2(C)). The first part of this helix runs at an angle of ~25o 

to the membrane normal. Near the level of Glu65 there is a tight bend of ~30 o. At this 

point the helix approaches the inner ring most closely, fitting into the groove between 

two inner helices. Whereas the E. coli c subunit has a proline residue at this position 

(Pro64) which would account for the change of helix direction, there is no such residue 

in I. tartaricus. The next segment of the outer helix runs along the groove between two 

N-terminal helices, turning slightly outward in order to accommodate the many bulky 

side chains in this region (Figure 3). There is another, even tighter bend near the C-

terminus, presumably at the level of Pro83, resulting in a change of helix direction by 

more than 45o. The density after this kink appears thinner than the rest of the helix. This 

may be due to the resolution anisotropy of the map, or to a greater flexibility and 

resulting disorder of the C-terminal end of the outer helix. In P. modestum and 

I. tartaricus, this part of the c-subunits contains two residues (Phe84 and Leu87) that 

are involved in maintaining the Na+ specificity of the ATP synthase (Kaim and 

Dimroth, 1995); when mutated to the smaller amino acids Leu and Val, respectively, the 

enzyme transports only H+ or Li+ but not Na+. 
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7.3.3 C-α model 

 A C-α-carbon model for the c-11 ring was based on the following constraints: 

(i) The conserved ArgGlnPro region is in the cytoplasmic loop connecting the N- and 

C-terminal helices (Hermolin et al., 1999; Watts et al., 1995). (ii) The N-terminal helix 

is inside the ring. (iii) Gly27, 29, 31 and 33 face the neighbouring subunit in the ring. 

(iv) Gln32 faces the C-terminal helix (Kaim et al., 1997). (v) Glu65 and Ser66 face the 

N-terminal helix (Kaim et al., 1997).  

 In accordance with our map and other structural data most of the structure was 

modelled as α-helical, with the exception of the loop region. The model places Pro83 at 

a pronounced kink near the end of the outer helix after which the density appears 

weaker. The stretch between Pro83 and the C-terminus was modelled here as an α-

helix, which fits the length of this map segment. The model is shown in Figures 5 and 6. 

 

 

7.3.4 Ion binding pocket 

 In the model (Figures 5 and 6) an ion binding pocket is formed in the space defined 

by three helices, with Glu65 from one subunit, Ser66 from the neighbouring subunit and 

Pro28 and Gln32 from the N-terminal helix of the neighbouring subunit. In the E. coli 

ac12 model (Rastogi and Girvin, 1999), which was not constrained by an experimentally 

derived map of an oligomeric ring, the N-terminal helices are further apart and the C-

terminal helices are positioned radially outward (Figure 7(B)), rather than fitting into 

the groove between two inner helices, as indicated by the I. tartaricus map. A Li+ 

binding site has been created by mutation of the E. coli c subunit (Zhang and 

Fillingame, 1995), suggesting that the organisation of the E. coli c ring in the region of 

the ion binding site is very similar to that of the I. tartaricus c ring. The model for the 

H+-transporting c10 ring of yeast, which is based on a 4 Å x-ray map (Figure 7(C)), 

shows the same staggered helix arrangement as the I. tartaricus density, suggesting that 

this is a feature common to all c-subunit rings. 
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 Figure 5. Stereo image of the C-α model for the Ilyobacter tartaricus c-11 ring. The image was 

created with Bobscript (Esnouf, 1997; Esnouf, 1999), a modification of Molscript (Kraulis, 1991), and 

Raster3D (Merrit and Bacon, 1997). 

 

 
 Figure 6. C-α model for the Ilyobacter tartaricus c11 ring: Close-up of the ion binding site. For 

clarity, only one subunit is shown (with the N- and C-terminus labelled) plus the neighbouring C-terminal 

helix. Colour code: red, negative; blue, positive; orange, polar (Asn, Gln); yellow, polar (Ser, Thr); green, 

aromatic; magenta, glycine; cyan, proline; grey, other hydrophobic residues. Membrane boundaries are 

indicated. (A) residues involved in the binding site and the possible access route to the cytoplasm. 

(B) conserved small residues on the outside of the helix. 
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7.3.5 Conserved residues in the C-terminal helix 

 Unlike the N-terminal helix, the C-terminal helix is rich in large hydrophobic side 

chains (Leu, Ile, Phe and Tyr) (Figure 3). However, at several positions there is a 

conserved small residue: 60, 62, 64, 66, 68, 71 and 75 (Gly, Ala, Ala, Ser, Gly, Ser, Ala, 

respectively in I. tartaricus). With the exception of Ala62 and Ser66, these small 

residues cluster on one side on the helix, as can be seen in the helical wheel of 

Figure 4(B). In the model (Figure 6(B)), this helix face is oriented towards the outside 

of the ring. The absence of large side chains in this region may be necessary for a close 

approach of the a subunit and its conserved arginine to the ion binding site on the c-ring, 

to facilitate intersubunit rotation and ion translocation across the membrane. 

 

 

7.3.6 Phospholipids 

 Analysis of the c ring crystals by AFM showed that the central cavity is covered by 

a central plug on the side which protrudes more from the bilayer. The map shows that 

this is the periplasmic side (Figure 2). The plug can be removed by phospholipase and 

was therefore ascribed to phospholipids (Meier et al., 2002). In our model, hydrophobic 

residues line the central cavity on the periplasmic side whereas it is lined by bulky, 

polar side chains (Tyr34, Lys38 and Glu41) on the cytoplasmic side. This topography 

creates a favourable environment of the central cavity for the binding of phospholipids 

on the periplasmic side but not on the cytoplasmic side in accord with the AFM data. 

Whether the phospholipid plug represents a structural feature of the ATP synthase 

complex in the membrane as well or forms during crystallisation is unknown. 

 

 

7.3.7 Ion bridges 

 The distribution of the charged residues in the c-subunit of I. tartaricus and that of 

its relatives P. modestum and Acetobacterium woodii (Rahlfs and Müller, 1997) 

provides a likely explanation for the extreme temperature stability of these c-rings, 

compared to those of other ATP synthases (Laubinger and Dimroth, 1987; Neumann et 
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al., 1998; Reidlinger and Müller, 1994). In the c subunit sequence of these three 

organisms, charged residues occur in pairs of positive and negative charges (Figure 3), 

except for Glu65, which defines the ion binding site. The Arg45 / Glu48 pair is thought 

to be involved in binding the ε subunit, as has been reported for the equivalent residues 

Arg41 / Asp44 in E. coli (Hermolin et al., 1999). The other ion pairs most probably 

form salt bridges between neighbouring subunits. The map suggests that the N-terminal 

ion pair Asp2/Lys7 occurs in α-helical context. Being five residues apart, they would be 

on opposite sides of the helix, and thus in favourable positions for forming an ion bridge 

to the next c-subunit in the ring. The same is true for Lys50 and Asp52 at the outside of 

the loop and Lys38 and Glu41 inside. Three intersubunit salt bridges would indeed 

account for the extraordinary stability of the I. tartaricus and P. modestum c-rings. A 

single salt bridge suggested for the corresponding region of the E. coli c-ring (Dmitriev 

et al., 1999a) would be consistent with the lower temperature stability of this complex. 

The occurrence of these salt bridges in I. tartaricus and P. modestum would also explain 

why the c-rings disassemble at low pH, where the protonation of the Asp or Glu side 

chain would weaken the ion bridges (unpublished results). 

 

 

7.3.8 Comparison with previous c-ring models 

 The overall NMR structure of the monomeric E. coli c-subunit in organic solvent 

(Girvin et al., 1998; Rastogi and Girvin, 1999) and our map agree in showing a straight 

N-terminal helix and a kinked C-terminal helix. The structure determined at pH 5 which 

has a protonated Asp61 is more similar to the I. tartaricus model than the structure 

determined at pH 8 (Rastogi and Girvin, 1999) where Asp61 would be deprotonated. In 

detail, however, the NMR structure of the E. coli c-subunit differs significantly from the 

I. tartaricus map in helix angles and curvature. These are most likely the result of 

interactions of the subunits within the oligomeric ring. Moreover, the structure of an 

isolated c-subunit in organic solvent may not reflect its native structure. Also, the 

sequences of E. coli and I. tartaricus are only 19 % identical, which may give the 

proteins subtly different structures. 
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 Figure 7. Comparison of c-ring models. (A) E. coli c12 model (Dmitriev et al., 1999b), PDB 1j7f. 

(B) c-ring from E. coli ac12 model (Rastogi and Girvin, 1999), from PDB 1c17. The coloured subunit on 

the left is deprotonated. (C) Yeast mitochondrial c10 (Stock et al., 1999), from PDB 1qo1. (D) I. tartaricus 

c11 model, this study. Top: view normal to the membrane plane from the cytoplasmic side, below: side 

view. In every ring, one subunit is shown in colour from blue at the N terminus to red at the C terminus 

(C- and N-terminus). In (B), also the deprotonated subunit is shown in colour (left). 

 

 

 Several models have been proposed for the E. coli c-ring based on NMR models for 

the monomer in organic solvent (Dmitriev et al., 1999a; Rastogi and Girvin, 1999) 

(Figure 7(A) and (B)). In addition, the NMR model has been fitted to the density of the 

yeast c10 ring (Stock et al., 1999) (Figure 7(C)). The general features of these models are 

consistent: they all have an inner ring of N-terminal helices, and an outer ring of C-

terminal helices with a kink near the middle where the carboxylate is located. The most 

conspicuous difference is the arrangement of C-terminal helices with respect to the 

inner ring. In all models except that of the E. coli ac12 complex (Rastogi and Girvin, 

1999) the C-terminal helices fit in a groove between two N-terminal helices. As 

discussed above, the more open arrangement of this model would result in a different 

binding pocket. As the yeast and I. tartaricus models are based on crystallographic 

structures of oligomeric rings, this arrangement seems to reflect the in vivo situation. 

Unlike Dmitriev et al. (Dmitriev et al., 1999a), Rastogi and Girvin (Rastogi and Girvin, 

1999) constrained the interaction of the helices within a monomer to the NMR 
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distances. It is likely that the helix interactions change upon oligomer formation, which 

would explain the difference between the models.  

 There are large differences between the arrangements of subunits within the ring of 

yeast and I. tartaricus in the angles of different parts of the helices (Figure 7(C) and 

(D)). The causes for this must be in the interactions between side chains. Possibly the 

proposed rings of ion bridges in I. tartaricus force the helices in a different 

arrangement. The same forces may be responsible for the different numbers of subunits 

in the rings. 

 

 

7.3.9 Accessibility of the ion binding site 

 Monomers of the P. modestum c-subunit have been studied by NMR both in 

dodecylsulfate micelles (Matthey et al., 1999) and in the same organic solvent mixture 

that was used to analyse the NMR structure of the E. coli c subunit (Matthey et al., 

2002). Neither condition yielded a stable tertiary structure. Even the secondary structure 

was distinct in the different environments. Hence, any definite conclusions on the 

structure of subunit c from a Na+-translocating F1F0 ATP synthase had to await a crystal 

structure of the entire ring as reported in this communication. Of important functional 

significance is our finding that in the c11 ring the Na+ binding site residues Gln32, Glu65 

and Ser66 are located near the middle of the membrane (Figures 2 and 6). This location 

agrees perfectly with recent cross-linking data: a photoactivatable derivative of 

dicyclohexylcarbodiimide which specifically modifies glutamate 65, was shown to 

cross-link only to the fatty acid side chains of the lipid, indicating a location of Glu65 

within the core of the membrane (von Ballmoos et al., 2002). Previously, a membrane-

buried location of Glu65 was regarded unlikely on the basis of overwhelming 

biochemical evidence that Na+ has access to the c subunit binding sites from the 

cytoplasmic surface entirely through the c subunits itself and without participation of 

the a subunit (Kaim and Dimroth, 1998; Kaim et al., 1998). Possibly the most 

interesting aspect of the c-ring structure relates to these apparent contradictory 

observations: the spaces between the inner ring of helices and each two neighbouring 

outer helices represent putative Na+ access channels to the binding sites. Access of the 

site from the cytoplasmic surface by these channels is corroborated by a chain of polar 
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and charged residues (Glu61, Thr56, Ser55, Asp52, Lys50) between the binding site and 

the cytoplasmic surface (Figure 6(A)), whereas the access of Glu65 from the 

periplasmic surface would be blocked by bulky hydrophobic side chains. 

 

 

7.4 Materials and Methods 

 ATP synthase was isolated from Ilyobacter tartaricus cells as described (Neumann 

et al., 1998). The c11 oligomer was isolated from the ATP synthase and 2-D crystals 

were grown by a modification of the method described (Stahlberg et al., 2001). 

Octylglucoside-solubilized protein with a final concentration of 1 mg/ml was mixed 

with palmitoyl-oleoyl phosphatidylcholine (POPC) at a lipid-to-protein ratio of 0.5 

(w/w) and a final concentration of 0.6% β-octyl-glucoside. Micro-dialysis was 

performed in bent glass capillaries against 25 ml buffer (10 mM Tris/HCl pH 7.5, 200 

mM NaCl, 3 mM NaN3) for 24 h at 20°C, then at 37°C for another 24 h. To remove 

excess lipid the harvested crystals were sedimented and the supernatant was exchanged 

against an equal volume of dialysis buffer containing no NaCl. 

 Samples were prepared in 5% (w/v) trehalose on molybdenum grids (Pacific Grid-

Tech, San Diego, CA) by the back-injection method (Vonck, 2000). Grids were 

examined in a JEOL 3000 SFF helium-cooled electron microscope at tilt angles of 0, 

20, 30 and 45 degrees. Images were recorded by a spot-scanning procedure with 26×32 

spots per image on Kodak SO-163 film at a magnification of 70,000×. Films were 

digitised on a Zeiss SCAI scanner using a pixel size of 7 µm, corresponding to 1 Å on 

the specimen. Images were corrected for lattice distortions and effects of the contrast 

transfer function using the MRC suite of programs (Crowther et al., 1996; Henderson et 

al., 1990; Henderson et al., 1986). Data was merged to a resolution of 6 Å for the tilted 

images and 4 Å for the untilted images and a 3-D map was calculated with CCP4 

programs (Collaborative Computational Project, 1994). Amplitudes were scaled with a 

temperature factor B= –200 to compensate for a resolution-dependent degradation of 

amplitudes. Non-crystallographic symmetry was applied in real space using CCP4, 

independently for the two rings in the unit cell. The map was visualised in O (Jones and 

Kjeldgaard, 1993). 
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8.1 Abstract 

 The oligomeric c rings of Na+-translocating F1Fo ATP synthases exhibit unusual 

stability resisting even boiling in sodium dodecylsulphate. Here we show that the 

molecular basis for this remarkable property is intersubunit crossbridging by Na+ or Li+ 

ions. The heat stability of c11 was dependent on the presence of Na+ or Li+ ions. For 

equal stability ten times higher Li+ than Na+ concentrations were required, reflecting the 

10 times lower binding affinity for Li+ as compared to Na+. In a recent structural model 

of c11 the Na+ or Li+ binding ligands are located on neighboring c subunits, which 

become thus crossbridged by the binding of either alkali ion with a concomitant 

increase in the stability of the ring. Site directed mutagenesis fortifies the essential role 

of glutamate 65 in the crossbridging of the subunits and also corroborates with the 

proposed stabilizing effect of an ion bridge including aspartate 2. 

 

 

8.2 Introduction 

 The F1Fo ATP synthase is the key enzyme for ATP synthesis in almost every living 

cell. The enzyme is a rotary engine consisting of an Fo portion, where rotary torque is 

generated upon ion translocation and an F1 sector, where ATP synthesis is performed. 

This process requires large conformational changes at the catalytic β subunits which are 

elicited by the rotation of the rotor subunits (cnγε) versus the stator subunits (ab2α3β3δ) 

(Noji et al., 1997; Abrahams et al., 1994; Boyer, 1993). The membrane bound Fo sector 

consists of subunits ab2cn and recent structural work has shown that the number of c 

subunits forming the rotor ring varies among species, being 10 for yeast mitochondria 

(Stock et al., 1999), 11 for the bacterium Ilyobacter tartaricus (Stahlberg et al., 2001) 

and 14 for spinach chloroplasts (Seelert et al., 2000). 

 Much of our knowledge on the ion path across the membrane and the torque 

generating mechanism stems from investigations of the closely related Na+ translocating 

F1Fo ATP synthases from Propionigenium modestum and Ilyobacter tartaricus. The Na+ 

binding sites on c11 with ligands from Q32, E65 and S66 (Kaim et al., 1997) are freely 

accessible from the cytoplasmic reservoir (Kaim et al., 1998), yet located in the middle 
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of the membrane (von Ballmoos et al., 2002). Hence, eleven c11 intrinsic access 

channels leading to these sites have been proposed which is compatible with the 

structure (Vonck et al., 2002). This shows eleven closely spaced N-terminal helices 

forming an inner ring and 11 C-terminal outer helices packed in staggered position to 

the inner helices. This leaves enough space between an inner helix and two outer helices 

for an ion access channel to the binding site. 

 It has been demonstrated that the membrane potential plays the pivotal role in the 

ion translocation and torque generating mechanism (Kaim and Dimroth, 1999) and a 

functional model that is based on these observations has been presented (Dimroth et al., 

1999). However, for a detailed understanding of the Fo motor more structural 

information is required. In this communication we addressed the question why the c 

oligomer from Na+-translocating F1Fo ATP synthases has such a stable quaternary 

structure. We show that the stability is dependent on the presence of Na+ or Li+ which is 

consistent with the view that these alkali ions form intersubunit crossbridges between 

neighboring subunits. 

 

 

8.3 Results 

8.3.1 Effect of Na+ or Li+ on the stability of c11 from Ilyobacter 

tartaricus 

 The three Na+ translocating ATP synthases investigated exhibit an extraordinary 

stability of their c ring assemblies resisting even boiling with SDS for several minutes 

(Aufurth et al., 2000; Neumann et al., 1998; Laubinger and Dimroth, 1987). This 

stability has greatly facilitated previous structural work with the c11 oligomer from 

Ilyobacter tartaricus, but the molecular basis for it was unknown (Vonck et al., 2002). 

As complex formation with Na+ ions might contribute to the stability of the ring we 

investigated the oligomeric status by SDS-PAGE after pretreatment of the samples at 

95°C for various times and at various Na+ concentrations.  
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 Fig. 1. Stability of the I. tartaricus c11 oligomer. 1 µg of purified c11 ring from I. tartaricus was 

incubated in buffer containing Tris-HCl, pH 8.0 and 1% octylglucoside at 95°C. The incubation mixtures 

of (A) contained no alkali ion addition, those of (B) contained NaCl and those of (C) LiCl in the 

concentrations indicated. Samples were taken after the incubation times indicated and analyzed by SDS-

PAGE. The gels were stained with silver.  
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The result of Figure 1A shows that the c11 oligomer dissociates rapidly into the 

monomeric units if no Na+ ions were added during the heat treatment. Approximately 

half of the amount of the oligomeric complex has disappeared after 1 min at 95°C and 

further dissociation was observed on prolonged heat treatments. This heat treatment not 

only led to the dissociation into the monomeric units but also to increasing amounts of 

aggregation products. The heat stability of the c ring increased in the presence of 0.1 

mM NaCl and at 10 mM NaCl no dissociation was apparent even after heating the 

sample for 60 minutes (Figure 1B). As Li+ is an alternative coupling ion of the 

I. tartaricus ATP synthase binding to the c subunits with ligands from E65 and S66 

(Kaim et al., 1997) we investigated the effect of Li+ on the heat stability of c11. The 

results of Figure 1C show that LiCl also protected the c11 oligomer from the dissociation 

by heat treatment, but for similar protection approximately 10 times higher LiCl than 

NaCl concentrations were required. These data reflect perfectly the reduced affinity of 

the site for Li+ as shown by a 10 times higher Km for Li+ as compared to Na+ (Kluge and 

Dimroth, 1993a). 

 

 

8.3.2 Effect of mutations of cE65 on the stability of c11 

 From the results described above we reasoned that mutants that abolish the Na+ 

binding sites on c11 will destabilize the oligomeric ring. To investigate the effect of 

mutagenesis on the c ring stability we first analyzed whether c11 could be 

heterologously expressed in Escherichia coli. For this purpose we switched to the very 

similar c11 from P. modestum because plasmid pt7c harboring the c subunit gene from 

P. modestum was already available in our laboratory (Matthey et al., 1997). The gene 

encoding subunit c was expressed from this plasmid and the c11 oligomer was purified 

from the recombinant E. coli cells by the same protocol as used for the isolation of c11 

from I. tartaricus wild-type cells. The results of SDS-PAGE show (Figure 2) that the c11 

oligomer has been isolated from the recombinant E. coli clone and that it is of similar 

stability as c11 isolated from the wild-type. Upon acidification with trichloroacetic acid, 

the c11 oligomer was completely dissociated into the monomeric units (Figure 2, lane 2). 

In parallel recombinant E. coli cells were grown harboring plasmid pt7c with the point 

mutations cE65Q, cE65C or cE65D. Either of these strains expressed the mutant c 
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subunit gene in similar amounts as the wild-type gene, as shown by the presence of the 

c monomer after extraction with chloroform/methanol and analysis by SDS-PAGE. In 

contrast, no c subunit could be identified by this method with the control strain 

containing the empty plasmid pt7-7. Attempts to purify c11 with either of these cE65 

mutations, however, failed. These results either indicate that the mutant c subunits are 

not properly assembled into the c11 oligomer or that the c11 oligomer with either cE65 

mutation is unstable and does not survive the isolation procedure. As cE65 is required 

for Na+ binding, this will be abolished by the mutations and therefore no stabilization of 

the ring by Na+ crossbridging is possible. As the isolation includes heating to 65°C for 

10 min, a c ring that is not stabilized by Na+ cross-bridging is expected to dissociate 

(c.f. Figure 1A). 

 

 
 Fig. 2. Stability of the P. modestum c11 oligomer with point mutations. Mutants were constructed 

in the plasmid pt7c. Mutant proteins were synthesized in E. coli BL21(DE3) harboring plasmid pt7c with 

the mutation and recombinant c-oligomers were purified as described in Materials and Methods. The 

isolated c11 rings (lane 1, 3, 5) were applied on SDS-PAGE, together with trichloroacetic acid treated 

samples (lane 2, 4, 6) (Matthey et al., 1997). The gels were stained with silver. 
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8.3.3 Effect of mutations of cD52 or cD2 on the stability of c11 

 From structural work, it has been proposed that salt bridges between adjacent 

subunits including cD2 and cD52 of I. tartaricus (equal to P. modestum) could 

contribute to the stability of the c11 ring (Vonck et al., 2002). To test this hypothesis we 

constructed the point mutations cD2C (Kaim et al., 2002) and cD52L. A stable c ring 

was obtained from the mutant cD52L but not from the mutant cD2C (Figure. 2). 

Aspartate at position 52 therefore seems not to be required to stabilize the oligomeric 

structure but aspartate at position 2 could play a role in the ring stability. 

 

 

8.3.4 Effect of pH on the stability of c11 

 Salt bridges would also be destroyed below the pH of the dissociation constant of 

the acid or above the pH of the dissociation constant of the base forming the bridge. We 

investigated the stability of c11 at pH values ranging from 3.5 to 13. For this purpose, 

the isolated c11 ring was added to buffer of a certain pH containing 0.1% 

lauroylsarcosine and heated to 95°C for 60 min after which the sample was analyzed by 

SDS-PAGE. The results summarized in Table I indicate that the c ring is completely 

dissociated into the monomeric units during heating in the absence of Na+ confirming 

the results of Figure 1. At 3.4 mM Na+ the ring survived the heat treatment at pH values 

ranging from 4.5 to 11.5, but increasing the pH further to 12 – 13 led to a significant 

destabilization of the ring. However, on increasing the Na+ concentration to 10 or 

100 mM, part of the ring structures even survived heating at pH 12.5 or 13, respectively. 

The ring stability decreased rapidly below pH 4.5 and at pH 3.5 the ring dissociated 

completely upon heating irrespective of the Na+ concentration added. This is to be 

expected because the pK of the Na+ binding cE65 is approximately 7.0 in the absence of 

Na+ and decreases at elevated Na+ concentrations (Kluge and Dimroth, 1993b). At pH 

3.5, however, the glutamate will be completely protonated so that Na+ is no longer able 

to bind. 
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Table I. Stability of Ilyobacter tartaricus c11 at different pH values after 1 h of incubation at 95°C 

pH mM Na+ 
 0 3.4 10 100 
3.5 - - - - 
4.0 - + + + 
4.5 - ++ ++ ++ 
8.0 - ++ ++ ++ 
11.5 - ++ ++ ++ 
12.0 - + ++ ++ 
12.5 - - + ++ 
13.0 - - - + 

 ++, 90 – 100% c11; +, 10 – 90% c11; -, 0 - 10% c11. 

 

 

8.4 Discussion 

 The most important result of this communication is the attribution of the 

extraordinary stability of the c11 oligomer of the Na+ translocating F1Fo ATP synthases 

from Ilyobacter tartaricus or Propionigenium modestum to its Na+ liganded complex. In 

contrast the Na+ free c11 oligomer dissociates readily upon heating into the monomeric 

units. These results significantly strengthen our recent structurally based proposal of the 

Na+ coordination sphere in which the Na+ binding site residues Q32 and S66 are 

contributed from the inner and the outer helix, respectively of one monomeric unit 

whereas the Na+ binding E65 residue is contributed from the outer helix of the adjacent 

monomeric unit (Vonck et al., 2002). A model of the Na+ coordination sphere is shown 

in Figure 3. It clearly emphasizes the role of Na+ in bridging two adjacent subunits 

within the c-ring which is obviously the rationale for its extraordinary stability. In 

previous mutagenesis studies it was shown that the site also accommodates Li+ binding 

with E65 and S66 as ligands (Kaim et al., 1997). It was also shown that the dissociation 

constant for Li+ exceeds that for Na+ by a factor of 10 (Kluge and Dimroth, 1993a). 

Here, we observed that Na+ or Li+ at 10 times higher concentrations protected the c-ring 

from dissociation by heat treatment to a similar extent. Li+ ions will be liganded by S66 

from the outer helix of one subunit and E65 from the outer helix of the adjacent subunit. 

Hence, it performs cross-bridging of adjacent subunits of the ring which results in a 

similar stabilization as observed with Na+, albeit at 10 times higher concentrations. 

Another Na+ translocating F-type ATP synthase was described in Acetobacterium 

woodii, which has the Na+ binding signature on its c subunits (Rahlfs and Müller, 1997).  
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 Fig. 3. Structure model showing details of the Na+ coordination site in the I. tartaricus c11 ring. 

The picture shows one subunit with C- and N-terminal α-helices in light blue (subunit 1) and the adjacent 

C-terminal α-helix from the adjacent subunit in light green (subunit 2). The Na+ binding pocket is 

coordinated by at least three amino acid side chains. Subunit 1 provides glutamine 32 (orange) and serine 

66 (yellow) located on the N- (N) and C-terminal (C) helix, respectively. Glutamate 65 (red) is located on 

the C-terminal helix of Subunit 2. 

 

 

These c subunits are also assembled into a very stable complex, which probably 

indicates that intersubunit bridging by Na+ is the reason for the high stability of this 

assembly as well. Further in accord with the role of Na+ to stabilize the oligomeric ring 

structure are the properties of cE65 mutants. After exchanging this important Na+ 

binding residue by other amino acids, stable undecameric c rings could no longer be 

isolated. 

 The results of this communication imply that the eleven binding sites on c11 are 

accessible for Na+ or Li+ without contribution by another subunit in accord with the 

1a+11c channel model (von Ballmoos et al., 2002). They further show that occupancy 
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of these sites is in dissociation equilibrium with the Na+ or Li+ concentration in the 

environment. The same applies for c subunit sites outside the a subunit interface in the 

native ATP synthase complex. At the a subunit interface, however, the c subunit 

intrinsic channels must be closed and Na+, Li+ or H+ can bind to rotor sites or dissociate 

from them only via the a subunit channel to the opposite surface of the membrane. 

 The hypothesis that salt bridges between positively and negatively charged amino 

acids of adjacent monomeric units contribute to the ring stability was checked by 

mutagenesis of one charged residue of a putative pair against a neutral one. Three salt 

pairs D2-K7, K50-D52 and K38-E41 have been proposed to stabilize the I. tartaricus 

c11 ring (Vonck et al., 2002). These salt pairs are only rarely found in c subunits with 

reduced temperature stability. The mutant D52L has little effect on the ring stability, 

which indicates that a K50-D52 pair is not a determinant for the stability of the c 

oligomer from P. modestum. In contrast, no stable c ring could be isolated from the 

D2C mutant. This result would be compatible with a role of the D2-K7 pair in the ring 

stability but further experiments have to be performed to validate this hypothesis. The 

contribution of salt bridges to the ring stability is in accord with its dependence on the 

pH. While stable ring structures persisted over the pH range from 4.5 to 11.5, the 

assembly was increasingly destabilized at higher or lower pH values. As acidic amino 

acids become protonated at the low pH values and as basic amino acids became 

deprotonated at the high pH values the salt bridges are obviously broken under these 

conditions. Furthermore, protonation of cE65 at acidic pH abolishes the Na+ binding site 

which causes further destabilization of the c ring. However, predictions of the heat 

stability of a c-ring on the basis of primary sequence comparisons from thermostable 

and thermolabile subunit c oligomers are misleading and not conclusive enough at this 

stage. 

 The rationale for the stability of proteins has been intensively studied in the past 

(Robertson and Murphy, 1997). It is now generally believed that there is a set of 

molecular features that contribute to the heat tolerance of a protein rather than a specific 

molecular design (Jaenicke and Bohm, 1998; Vieille and Zeikus, 1996). This set 

includes hydrogen bonding, ionic stabilization of α-helices, tighter packing of the 

protein core, increased number of salt-links and salt-link networks, increased number of 

disulfide bonds, decreased conformational entropy of the unfolded state, and increased 

aromatic stacking interactions. In this paper we show for the first time that a protein 

complex obtains an unusual heat tolerance due to an ion cross-bridging mechanism. 
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8.5 Methods 

 Materials. Chemicals were purchased from Fluka (Buchs, Switzerland). N-

Lauroylsarcosine sodium salt and n-octyl-beta-D-glucopyranoside were purchased from 

Sigma and Glycon Biochemicals, respectively. Primers were custom synthesized by 

Microsynth (Balgach, Switzerland). Endogenous Na+ was minimized using chemicals 

with low Na+ content throughout all preparation procedures.  

 Purfication of I. tartaricus c11 ring from ATP synthase was performed as described 

(Meier et al., in preparation). 

 Plasmid pt7c (Matthey et al., 1997) was mutagenized (Quick Change Site Directed 

Mutagenesis Kit, Stratagene) to yield the single mutations D2C, D52L, E65C, E65D, 

E65Q in the P. modestum subunit c.  

 

 

8.5.1 Expression and purification of P. modestum c-oligomer from the 

strains BL21 

 Strain E. coli BL21(DE3) (Novagen Inc.) was transformed with different plasmids 

described above. The transformed E. coli cells were grown in 2 l LB medium to OD 0.6 

at 37°C and after cooling on ice for 5 min, they were induced with 0.7 mM 

isopropylthiogalactoside. Expression was performed for 3 - 21 h at 30°C. Cells were 

harvested and frozen for storage at -70°C. Thawing of the cells was performed on ice 

after suspension in 5 ml of 10 mM potassium phosphate buffer pH 8.0 containing 5 mM 

ethylenediamminetetraacetate (EDTA), 1 mM 1,4-dithio-DL-threitol and 0.1 mM 

diisopropylfluoro-phosphate per g (wet weight) of cells. Preparation of membranes was 

performed at 4°C. Usually 0.5 – 2 g of cells were passed twice through a French 

pressure cell at 12’000 psi (8.3×104 kPa). After removal of cell debris by centrifugation 

at 15’000 g for 15 min, ultracentrifugation was performed at 200’000 g for 60 min. The 

membrane pellet was washed once with 5 ml 10 mM Tris adjusted to pH 8.0 with HCl, 

containing 5 mM EDTA. Solubilization of the membranes was done with 5 ml per gram 

cells of 20 mM Tris-HCl pH 8.0 containing 5 mM EDTA and 1% N-lauroylsarcosine 
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for 10 minutes at 65°C. After ultracentrifugation at room temperature, the pellet was 

discarded and contaminating membrane proteins were precipitated with 65% of 

(NH4)2SO4. After 20 min incubation at 25°C the sample was centrifuged for 15 min at 

39’000 × g. The filtrated supernatant containing the c oligomer was dialyzed against 10 

mM Tris buffer adjusted to pH 8.0 with HCl. Stability of the purified c-oligomer was 

checked by SDS-PAGE (Schägger and Jagow, 1987). The gels were stained with silver 

(Nesterenko et al., 1994). 

 

 

8.5.2 Stability assay for the c oligomer from the ATP synthase 

 The stability of the c oligomer of the ATP synthase from Ilyobacter tartaricus strain 

DSM 2382 (Schink, 1984), and the recombinant Propionigenium modestum protein, 

expressed in BL21(DE3), was tested by incubation of 1 µg of c oligomer in different 

buffers: 50 mM citric acid adjusted with KOH in the range 3.0 – 6.0, 50 mM Tris 

adjusted with HCl in the range 6.0 – 9.0, 50 mM boric acid adjusted with KOH in the 

range 9.0 – 11.0 and 5 mM KCl adjusted with KOH in the range 11.0 – 13.0 and 1% 

octylglucoside or 0.1% N-lauroylsarcosine. These buffers contained additionally NaCl 

or LiCl in the range 0 – 100 mM. The incubation temperature was 95°C and the 

incubation time varied from 0 – 60 min. 
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CHAPTER 9: DISCUSSION 

 

9.1 Properties of the subunit c oligomer in F1Fo ATP synthases 

9.1.1 The number of subunits in biological turbines 

 The turbine of the rotor part of the ATP synthase is involved in the translocation of 

H+ (Na+) over the membrane and by this event, rotational torque is generated in the Fo 

motor. The rotor part of the enzyme (c11γε) transfers the rotation into the (αβ)3 

headpiece of the F1 sector, where the asymmetric stalk of subunit γ causes 

conformational changes in the β subunits, which are instrumental for the conversion of 

ADP and Pi into ATP (Abrahams et al., 1994; Boyer, 1993). The number of c subunits 

has profound implications on the stoichiometry of H+ (Na+) translocation by Fo to the 

synthesis of ATP by F1. Each ATP synthetic event requires that the γ subunit rotates 

through 120°. It has been widely anticipated that the stoichiometry of c subunits in the 

ring is 12 (Jones and Fillingame, 1998; Jones et al., 1998; Ruppert et al., 1999) and 

therefore, the H+ (Na+) to ATP ratio is 4. Surprisingly, structural investigations of three 

different c-rings showed recently that the c subunit stoichiometry can vary among 

different species. First, a 3.9 Å x-ray structure has been published for the F1c10 complex 

from the yeast mitochondrial ATP synthase (Stock et al., 1999). Then, AFM images 

showed that the Fo complex of the ATP synthase from spinach has 14 c subunits 

(subunit-III in chloroplasts) (Seelert et al., 2000). Finally, persuasive evidence has been 

presented from AFM and cryo-EM that the number of c subunits in a bacterial turbine is 

11 (Stahlberg et al., 2001). Although the 2-D crystalline lattice in artificial membranes 

mimics very well a native environment for the subunit c rings, one could raise the 

question whether these numbers represent possible artifacts, especially for the 3-D 

crystals of F1c10 from yeast. However, the extent of the interaction between adjacent c 

subunits within the annual architecture makes this rather unlikely (Meier et Dimroth, 

2002). In consequence, the three-fold symmetry of the F1 sector and the 10, 11 and 14-

fold symmetry in the c rings within one complex do not match. The H+ (Na+) to ATP 

ratio is mandatory non-integer. 
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9.1.2 Symmetry mismatch in biological systems 

 Symmetry mismatch also appears in other rotary motors in nature. The bacterial 

flagellar motor, similar to ATP synthase, is driven by the proton-motive force (Thomas 

et al., 1999). Three proteins, FliG, FliM, and FliN, are the key proteins for torque 

generation. They are located in two rings (M- and C-ring), which have different subunit 

stoichiometries and therefore create a symmetry mismatch. This phenomenon has also 

been discussed in relation to the DNA translocating machinery of bacteriophages 

(Hendrix, 1978; Hendrix, 1998). During phage assembly, DNA is injected through the 

sixfold symmetrical tail into its head (fivefold symmetry axis of an icosahedron). The 

dodecameric head-tail connector is believed to rotate with respect to the head during 

DNA packaging (Valpuesta et al., 1999). The symmetry mismatch between the head 

and the connector is thought to facilitate rotation by avoiding deeper energy minima that 

would accompany matching symmetries. Matching between two components brings 

with it the risk that one particular conformation of the whole ensemble will inevitably 

be relatively well stabilized and thus lead to the system being effectively trapped in an 

energy well. A further example of symmetry mismatch is found in some ATP-

dependent proteases (Beuron et al., 1998), where a rotational mechanism has been 

suggested to contribute to protein unfolding. The arrangement of the components of the 

molecular motor in ATP synthase is rather different than that in either the bacteriophage 

or ATP-dependent proteases. In the latter cases, there are direct interactions between 

two rings of subunits with different symmetries. In the ATP synthase, there are two 

quite distinct regions of interaction. The first, in F1, involves the γ subunit and the α3β3 

subcomplex, whereas the second, in Fo,
 involves the ring of c subunits and the a subunit. 

However, one has to keep in mind that the functionality of the ATP synthase could base 

on a similar mechanism and therefore, the H+ (Na+) to ATP ratios could be obligatory 

non-integer in all ATP synthases. With the data available, these ratios are 3.3 for the 

yeast ATP synthase, 3.7 for I. tartaricus, and 4.7 in chloroplast, which is in the range of 

the experimentally measured H+ (Na+) to ATP ratios (Berry and Rumberg, 1999; 

Nicholls and Ferguson, 1992). 
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9.1.3 Elastic energy transmission of the γ subunit 

 Direct visualization of the c subunit oligomer rotation (Kaim et al., 2002; Pänke et 

al., 2000; Sambongi et al., 1999) and cross-linking between subunit c and γ without loss 

of ATP synthase function (Tsunoda et al., 2001a) suggest that the subunit c ring and γ 

rotate as an ensemble. A non-integer H+ (Na+) to ATP ratio might be more conceptional 

when there is some degree of elasticity in the γ subunit itself, so that stepping of the c 

ring (10-14 steps per rotation) can be matched to the stepping in F1 (three steps per 

rotation). Elasticity in the γ subunit has been proposed to be an explicit feature in the 

energy transduction from Fo to F1 via the γ subunit (Junge et al., 2001; Cherepanov et 

al., 1999; Pänke and Rumberg, 1999; Wang and Oster, 1998). An elastic power 

transmission was considered as important for two reasons: First, for the robust operation 

mode of this enzyme under symmetry mismatch conditions and second, for a high turn-

over rate of the two counteracting and stepping motors/generators in the enzyme. It was 

also suggested that the internal elasticity might provide a clue to the remarkable 

functional robustness of these enzymes as impressively demonstrated in chimeric 

enzyme constructs from different organisms and also in numerous mutant enzymes with 

substantially modified subunits, which do not affect the rotational function of the ATP 

synthase.  

 

 

9.1.4 Variations of c-ring stoichiometries 

 Physiological requirements can vary depending on its ecological environment and 

metabolic conditions and have to be adapted incessantly in cells. Therefore, the ATP 

synthase must be under restricted regulatory control as discussed later. It has been 

suggested that the c ring can be assembled in different stoichiometries in E. coli, 

depending on the carbon source used (Schemidt et al., 1998; Schemidt et al., 1995). 

More c subunits appeared to be assembled into the complex if cells were grown with 

glucose than with succinate. In the latter case, the c ring would be smaller with an 

accompanying reduced gearing ratio. Changing gears and therefore probably the 

membrane potential required for ATP synthesis could be a regulatory mechanism (Stock 

et al., 1999). In this context, one has to consider that there is only a single copy of the c 
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subunit gene on the E. coli genome; thus the same polypeptide would have to pack 

differently according to a not yet defined signal (Ferguson, 2000). The mysterious ninth 

gene in the operon, for which a role as an undefined assembly factor has been 

tentatively assigned, could possibly be able to regulate the ring stoichiometry. However, 

based on structural evidence, the number of subunits in the turbines seems to be 

constant within the same biological species and to be determined by the primary 

structure of subunit c (Müller et al., 2001). This was recently verified by a work, which 

showed that over-expressed subunit c of E. coli and purified in non-ionic detergent self-

assembled into annular structures in the absence of other subunits of the complex 

(Arechaga et al., 2002). Intersubunit sodium ion bridges have been shown to stabilize 

the c subunit of I. tartaricus and show an extraordinary stability after completion to c11 

(Meier et Dimroth, 2002). During c ring assembly, however, the intermediates do not 

show the same stability and decay therefore into monomers on the SDS gel. These data 

seem to indicate that each organism has a fixed number of c subunits rather than a 

variable, energy consuming gearing mechanism dependent on the physiological 

conditions. ATP synthases are strongly conserved enzymes and appeared early in the 

evolution. Though, nature seems to allow little variations in the stoichiometry and this 

might have particular reasons, i.e. it could represent fine tunings according to the 

physiological requirements of each organism. In this context, one has to keep in mind 

that ATP synthases can work in two opposite directions, ATP synthesis and H+ (Na+) 

pumping. Each 360° rotation of the cnγε complex leads to the synthesis or hydrolysis of 

three ATPs. The number of subunits in the rotor (n) defines the number of translocated 

coupling ions and by this the H+ (Na+) to ATP ratio (which is n/3). In bioenergetic 

terms, a minor number for n might represent an optimized ATP synthase which only 

had to operate in ATP synthesis direction, whereas in the converse hydrolysis mode, a 

higher n represents an enzyme, which has been optimized for the H+ (Na+) pumping 

yield during evolution. However, as already discussed above, ATP synthases seem to be 

very robust enzymes and n can be artificially varied in one organism with partial 

retention of the ATPase activity (Jones and Fillingame, 1998). It has been shown that 

covalently linked trimers of E. coli c subunit can form an active complex with a turbine 

stoichiometry of 12 (4 × 3mer). Therefore it was believed to represent also the wild-type 

stoichiometry of the E. coli turbine, but recently the likely number of c subunits in the 

E. coli ATP synthase was reported to be 10 (Jiang et al., 2001). However, this number is 
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based on genetic fusions of c subunits and accurate structural information is not 

available so far. 

 

 

9.1.5 Heat tolerance of proteins 

 One of the most astonishing properties of the I. tartaricus c11 ring is its 

extraordinary stability. This protein complex can be boiled in SDS solution for several 

minutes, with retention of its oligomeric state (Neumann et al., 1998). In addition it was 

shown that the native state of the oligomer remains intact after the purification, which 

includes a 65°C incubation step (Meier et al., 2002). This property has also been 

observed for the c11 ring of P. modestum (Laubinger and Dimroth, 1987) and for the c-

oligomer of Acetobacterium woodii, which also possesses a Na+-dependent ATP 

synthase (Aufurth et al., 2000). For biochemical approaches an enhanced stability of the 

protein offers particular advantages. First, simple incubation of the lysed cell solution at 

elevated temperatures is an efficient possibility to separate thermostable from 

thermolabile proteins and secondly, thermostable proteins show more rigid structures 

than the related proteins from thermolabile organisms and are therefore more suitable 

for crystallization. Thus today, an increasing amount of protein structures from 

thermostable organisms are solved. In addition, for applications in biotechnology, 

protein stability at high temperatures is advantageous (Zeikus et al., 1998). As the 

number of proteins isolated from organisms that grow at extreme temperatures 

increases, more is being understood about the properties of these proteins, which 

account for their inherent stability. Although protein stability has been the subject of 

numerous studies for several decades (Robertson and Murphy, 1997; Pace et al., 1996; 

Privalov, 1979), detailed examination of these naturally thermostable proteins provide 

insights on the mechanisms that nature has used to stabilize proteins in such extreme 

environments (Jaenicke, 1998; Cowan, 1995). For many years, it was believed that a 

universal mechanism might be responsible for protein stability and can be applied to any 

protein. More recently, it has been speculated that a set of molecular mechanisms plays 

a role in conveying stability and is used in various combinations to increase stability in a 

particular protein (Jaenicke and Bohm, 1998; Lee and Vasmatzis, 1997; Vieille and 

Zeikus, 1996). This set of mechanisms includes increased hydrogen bonding, ionic 
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stabilization of α-helixes, tighter packing of the protein core, increased number of salt 

links and salt-link networks, increased number of disulfide bonds, decreased 

conformational entropy of the unfolded state, and increased aromatic stacking 

interactions. In the case of the I. tartaricus c11 ring, the molecular basis for its high 

stability can be attributed to Na+ ion cross-bridging (Meier et Dimroth, 2002), which 

extends this list by a new feature. 

 

 

9.2. Regulation of ATP synthesis and hydrolysis in F1Fo ATP 

synthases 

9.2.1 Energetic requirements in the cell 

 The enzyme ATP synthase represents a bifunctional enzyme, and can operate in two 

directions, ATP synthesis and ATP hydrolysis, according to the following reaction: 

 

ADP + Pi + nH+
out + mH+ ↔ ATP + H2O + nH+

in, 

 

where n is the quotient for stoichiometric vectorial proton translocation from the 

cytoplasm (H+
out) to the matrix space (H+

in) and m is the stoichiometric quotient for 

scalar proton consumption, which is determined by the difference in total acidity of the 

substrates (ADP and inorganic phosphate) and product (ATP). The value n varies 

among species and was discussed before. 

 Energetic requirements of cells vary depending on their local environment and 

physiological state. Mitochondrial ATP synthases, i.e. in a rat, consumes about 2% of 

total cellular ATP in each heart beat and therefore, mitochondrial (and also chloroplast-) 

ATP synthases predominantly work in the synthesis mode to maintain the ATP level 

(Jacobus, 1985). Synthesis of ATP must be tightly regulated to ensure that energy stored 

in ATP is not wasted (for reviews see Walker, 1994; Harris and Das, 1991). 

 F1Fo ATP synthases are found in bacteria, chloroplasts and mitochondria. One 

common regulation mechanism of these three types seems to be the influence of the 

transmembrane proton motive force (∆p). It has been shown that ∆µH+ is not only the 

free energy input for ATP synthesis but also strongly regulates the activity of these 
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enzymes, i.e. ∆µH+ induces activation of the enzyme under physiological conditions 

(Ort and Oxborough, 1992; Turina et al., 1992; Harris et al., 1979; Harris and Crofts, 

1978; Graber et al., 1977; Junge, 1970). Proton motive force regulation of the ATP 

synthase has recently also be demonstrated for the E. coli ATPase (Fischer et al., 2000).  

 

 

9.2.2 ATP synthase regulation in bacteria 

 In bacterial systems (E. coli), it has been shown recently that subunit ε is involved in 

the regulation of the ATP synthase (Tsunoda et al., 2001b). Subunit ε is a two domain 

protein and its structure from E. coli ATP synthase (EF1Fo) was determined several 

years ago by NMR and X-ray crystallography (Uhlin et al., 1997; Wilkens et al., 1995). 

The first 86 residues of the N-terminal part form a 10-stranded β-sandwich structure and 

the C-terminal part (residues 91-138) can be described as an α-helix-loop-α-helix motif. 

Two recent crystal structures have added new information about the arrangement of ε in 

the F1 part (Gibbons et al., 2000; Rodgers and Wilce, 2000). In the model of the δ 

subunit from mitochondrial ATP synthase (equivalent to ε in E. coli) the two C-terminal 

α-helices face away from the F1 part towards Fo. The δ subunit has been modeled 

similarly into the recently determined low resolution structure from F1c10 of the yeast 

mitochondrial ATP synthase (Stock et al., 1999). However, the crystal structure from 

the 1:1 complex of γ-ε from E. coli reported these two helices extending up to the γ 

subunit, interacting possibly with the (αβ)3 headpiece of F1. Biochemical cross-linking, 

where Cys residues were introduced into E. coli ATP synthase was performed to show 

that these two conformations do also exist in the native, fully functional ATP synthase 

(Tsunoda et al., 2001b). On the one hand, spatially closely located A117C from ε and 

Q42C of the c ring (Gibbons et al., 2000) were cross-linked. On the other hand, in the 

second arrangement, the close approach from residues γL99C and εS118C as revealed 

by the structure determination of the γ-ε complex of EF1 (Rodgers and Wilce, 2000) was 

assessed and also yielded a cross-linked ATPase. From these experiments it was 

concluded that the two arrangements occurring in EF1Fo and subunit ε must be able to 

switch between the two conformations. Interestingly, with the C-terminal domain of ε  
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 Figure 1. Comparison of the two conformations of the ε subunit (mitochondrial δ subunit) 

between bovine mitochondria (A) and E. coli F1 ATPase (B). The bottom part of the subunit γ is shown 

in grey, the subunit ε (mitochondrial δ) and the Cys residues mutated in the study (Tsunoda et al., 2001b) 

are shown with space-filling spheres in black. Subunit c ring and the residual F1 parts are shown in light 

grey. The residues are numbered from the E. coli sequence. The two models were created based on the 

coordinates of the bovine heart MF1-ATPase (1E79) and E. coli γ-ε subunits (1FS0) and the unrefined Cα 

model (1Q01) from the Protein Data Bank. 

 

 

facing toward the Fo, ATP hydroloysis was activated and still fully coupled in 

hydrolysis and synthesis mode. With the C-terminal domain facing toward the F1 part, 

the ATP synthase was specifically inhibited in the hydrolysis direction. From these 

results it was concluded that the large conformational changes of the ε subunit 

(C-terminus) provides a ratchet by which the operation direction of the enzyme is 

regulated. This ratchet seems to be more elaborated in the mitochondrial enzyme by 

separation of the structural and inhibitory roles of ε in two polypeptides, the δ and IF1, 

respectively (see below). 

 

 

9.2.3 Mitochondrial and chloroplast ATP synthases 

 For the mitochondrial F1Fo ATPase complexes, some standard kinetic parameters of 

the steady state ATP hydrolysis have been found (for a review see Vinogradov, 2000). 
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ATP and other nucleotides (ITP, GTP) are hydrolyzed at significant rates only in the 

presence of Mg2+ or some other divalent cations (Mn2+, Co2+, Fe2+). The Km value for 

ATP depends strongly on Mg2+ concentration. The product of ATP synthesis, ATP, 

inhibits ATPase activity in high concentrations. This inhibition was attributed to a 

decrease in free [Mg2+], which is needed (in addition to that bound as an ATP-Mg 

complex) for the catalysis (Syroeshkin et al., 1999). It is well established that these 

divalent cations are needed for ATPase activity (Fleury et al., 1980; Akimenko et al., 

1972; Selwin, 1967). However, inhibition effects of excess free Mg2+ have been 

corroborated by the underestimated effect of Mg2+-induced, ADP-dependent (or vice 

versa) slow deactivation of the enzyme (Bulygin and Vinogradov, 1991; Guerrero et al., 

1990). ADP, the product of the ATPase reaction, is an inhibitor of the hydrolytic 

activity and it has been shown that free ADP competes with the ATP-Mg complex for 

the ‘substrate binding site’ (Syroeshkin et al., 1999). Although Pi is equally important as 

ADP as a substrate/product of ATP synthase, Pi has either no effect on ATP hydrolysis 

or it slightly stimulates ATPase activity, as do several other anions (Vinogradov, 2000). 

The only possible explanation for the absence of an inhibitory effect is that Pi 

irreversibly dissociates from the active site during ATP hydrolysis. However, this 

proposal immediately creates an unavoidable problem in viewing ATP synthase as a 

reversible ATPase.  

 In mitochondrial ATPases, small proteins and peptides have influence on the 

regulation of ATP synthesis and hydrolysis activity. Enterostatin, an endogenous 

pentapeptide, which is known to selectively inhibit fat intake (Erlanson-Albertsson and 

York, 1997), has recently been demonstrated to target the β-subunits of the ATPase 

(Berger et al., 2002). IF1 has been shown to regulate the hydrolytic activity of ATP 

synthase. Characterization was performed in mitochondria from bovine heart (Pullman 

and Monroy, 1963), rat liver (Cintron and Pedersen, 1979), yeast (Hashimoto et al., 

1981) and plants (Norling et al., 1990). Bovine IF1 is a basic protein, 84 amino acids in 

length (Pullman and Monroy, 1963). Its binding to ATP synthase depends on pH, and 

below neutrality, IF1 is dimeric and forms a stable complex with the enzyme (Cabezon 

et al., 2000a; Cabezon et al., 2000b). At higher pH values, it forms tetramers and is 

inactive. Additionally, it has been shown that inhibition of the ATP synthase by IF1 is 

reversed by the membrane potential ∆Ψ (Lippe et al., 1988). The structure has been 

solved and shows four monomers in the asymmetric unit arranged as a dimer of dimers 
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(Cabezon et al., 2001), formed by antiparallel α-helical coiled coils in the C-terminal 

region. IF1 shows sequence homolgies to the catalytical subunit β and therefore, it has 

been proposed that part of IF1 acts as a functional mimetic of this mostly α-helical 

region (Cabezon et al., 2001). A packing of coiled-coil regions of regulatory segments 

of the enzyme seems to be more general and has also been observed in other regulatory 

proteins (Sagermann et al., 2001; Tarricone et al., 2001). IF1 has only been found to be 

present in the mitochondrial ATP synthases. It is argued not to be involved in the down-

regulation of the ATP synthase under anoxia (St-Pierre et al., 2000). Furthermore, in 

these mitochondria, there is no pH change associated with anoxia, which is a 

prerequisite for binding IF1 to the ATP synthases. This reaction to anoxia would suggest 

that organelles possess other mechanisms of down-regulating the complex. The 

mechanisms for up-regulating the ATP synthase in vivo is less clear; it may involve IF1. 

But it has also been shown that Ca2+ binds specifically to the β subunit and could 

therefore play a role in regulating the enzyme (Hubbard and McHugh, 1996). 

Alternatively, Ca2+-dependence of the synthase may be mediated by a Ca2+-binding 

inhibitor protein, the so called CaBI. It is a second ATP synthase regulatory protein 

described for the mitochondrial ATP synthase inhibition and has to be separated from 

the IF1 system (Yamada and Huzel, 1983). Heart mitochondria contain considerable 

amounts of this 6.3 kDa protein (5-10 mol/mol synthase) and the purified protein was 

shown to inhibit ATPase activity of submitochondrial vesicles in the absence of Ca2+ 

(Yamada and Huzel, 1988; Yamada et al., 1980). Structural information about this 

protein are sparse, but, it appears to be inhibitory as a 12.5 kDa dimer, with Ca2+ 

preventing inhibition by dissociation of the protein into monomers (Yamada et al., 

1981).  

 Chloroplast ATP synthase shows a complex regulation of its catalytic activity. ∆pH, 

thiol modulation, and nucleotide binding are all mechanisms used to avoid the 

dissipative cleavage of ATP. The enzyme can also be inhibited by a mechanism 

involving a redox switch in the γ-subunit (Ketcham et al., 1984; Nalin and McCarty, 

1984). The family of so called 14-3-3 proteins are highly conserved 

phosphoserine/phosphothreonine-binding proteins that regulate a wide range of 

enzymes in plants, animals, and yeast, such as transcriptional regulation in the nucleus 

and stroma of the chloroplasts (Sehnke et al., 2000; Wang et al., 1999; Bihn et al., 

1997), mitochondrial import (Alam et al., 1994), guiding nuclear encoded chloroplast 
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proteins to this organelle (May and Soll, 2000) and modulating the activity of 

uncoupling factor at the mitochondrial inner membrane (Pierrat et al., 2000). Recently it 

has been shown that 14-3-3 proteins were associated with the ATP synthases in 

chlorplasts (and also in mitochondria) in a phosphorylation-dependent manner, through 

direct interaction with the F1 β-subunit (Bunney et al., 2001). The activity of the ATP 

synthases in both organelles was dependent on the 14-3-3 protein. According to these 

data, 14-3-3 proteins are involved in the adaptation of plants to environmental changes 

such as light/dark transitions, anoxia in roots, and fluctuations in nutrient supply. 

 In summary, it has been obvious that the central hub of energy conversion, the 

bacterial, mitochondrial and chloroplast ATP synthases, underlie very restricted control 

mechanisms to regulate the two opposite processes, ATP synthesis and H+ pumping. 

Bacterial ATP synthases show the simplest structural organization of this enzyme 

family. They share regulatory elements such as proton motive force, substrates and 

products of the enzyme with the mitochondrial and chloroplast ATP synthases. 

Structural features seem to influence the synthesis and hydrolysis activity. In the more 

elaborated ATP synthases from mitochondria and chloroplasts, additional controlling 

mechanisms have been found so far, which are adapted specifically to the cell’s 

environmental terms. They include regulatory peptides and different proteins, which 

interact mainly with the catalytically active β-subunit from F1 and influence the 

operation mode of these enzymes. 

 

 

9.3 Coupling models of F1Fo ATP synthases 

9.3.1 The one- and two-channel model 

 The mechanism of converting an electrochemical gradient of protons or Na+ ions 

across the membrane into rotational torque by the Fo motor of the ATP synthase has 

been described by two different models: the one-channel model, which was extended to 

the 1a+11c channel model and the two-channel model (Figure 2). The first one was 

described for the Na+ translocating ATP synthase from P. modestum (Dimroth et al., 

1999). The operation mode of Fo, the role of the membrane potential and the torque 

generation in respect of the one channel model has been explained in the introduction.  
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 Figure 2. The 1a+11c – channel model of the I. tartaricus F1Fo ATP synthase. The rotor consists 

of 11 c subunits, and the stator consists of subunit a, which is laterally connected to the rotor. The 11 Na+ 

binding sites on the rotor are formed with ligands from Q32 on the inner helix and E65 and S66 on outer 

helices. These sites are located within the core of the membrane. Subunit a contains a Na+ access channel, 

which connects the periplasm with the c subunit binding site at the a/c interface. All other sites of the c-

ring are in contact through access channels inherent in c11 with the cytoplasm. In ATP synthesis, Na+ ions 

following their electrochemical potential pass through the subunit a channel onto an empty rotor site at 

the a/c interface. Through the potential, rotation is biased to the right. After exiting the rotor/stator 

interface, the Na+ ion dissociates through its individual rotor channel into the cytoplasm (Vonck et al., 

2002; von Ballmoos et al., 2002a; Dimroth et al., 1999). 

 The two – channel model of the E. coli enzyme. Rotation of the c oligomer in the direction 

indicated is proposed to be driven by the binding of protons to the c subunit binding sites via a 

periplasmic inlet channel at the bottom of the structure. The protonated rotor site (black circle) then 

moves from the stator interface through the lipid phase of the membrane until it reaches an outlet channel 

on the a subunit with access to the cytoplasm. Here, the proton dissociates from the rotor site and is 

released into the cytoplasmic reservoir. According to (Junge et al., 1997). 

 

 

 The two channel model has mainly been developed for the H+ translocating E. coli 

ATP synthase (Junge et al., 1997; Vik and Antonio, 1994). In this model, the H+ binding 

site (Asp61 in E. coli) is in an occluded position on the c-ring in the membrane 

(Fillingame et al., 2000; Girvin et al., 1998). Two channels in subunit a communicate 

with the two different reservoirs periplasm and cytoplasm. The protons can move across 

the membrane by entering one half channel, then bind to the contacting rotor site 
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Asp61, and rotate with an almost full rotation before they can be released to the second 

channel and freely access the other side of the membrane.  

 

 

9.3.2 Evidence for the 1a+11c channel model 

 For the one channel model, compelling evidence is available (Kaim and Dimroth, 

1998a; Kaim and Dimroth, 1998b; Kaim and Dimroth, 1998c), whereas for the two-

channel model no experimental data are available. In addition, our newly obtained 

results provide further support of the one-channel model: In I. tartaricus, the rotor 

consists of 11 copies (Stahlberg et al., 2001) of c subunits, each containing a binding 

site for Na+ ions. Recently it has been shown biochemically that these sites are located 

in the middle of the membrane (von Ballmoos et al., 2002a). Though, accessibility of 

these sites is still assured and shows the same accession characteristic for the inhibitor 

DCCD both in solubilized membranes and in reconstituted c11 oligomer, in the absence 

of any other subunit, which points to intrinsic rotor channels (Meier et al., 2002, von 

Ballmoos et al., 2002b). The Na+ binding site on the c11 ring has been proposed to be 

made up by one c subunit, which contributes with at least three amino acid side chains, 

Q32, E65 and S66 to the coupling ion liganding (Kaim et al., 1997). Biochemical 

experiments suggest now these binding sites being located on two adjacent subunits in 

the ring (Meier et Dimroth, 2002). Overwhelming validation of all these biochemical 

data is available now from the 2-D crystal structure of the c11 ring (Vonck et al., 2002). 

The inner ring of α-helices is tightly packed, whereas the outer ring of α-helices is in a 

more relaxed state in staggered position. The Na+ binding site is deeply embedded near 

the middle of the membrane. There are clear cavities towards the cytoplasm of the cell, 

which allow access for the coupling ions. In addition, functional hybrid ATPases from 

E. coli and P. modestum (Gerike et al., 1995; Kaim and Dimroth, 1994; Kaim and 

Dimroth, 1993; Laubinger et al., 1990) and a common membrane embedded location of 

the binding site of H+ and Na+ ATP synthases (von Ballmoos et al., 2002b) suggest a 

common mechanism for coupling ion transfer across the membrane. In summary, the 

1a+11c channel model is strongly supported by both biochemical and structural data. 

Therefore, the accuracy of the two channel model rather seems to be questionable. 
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9.4 Outlook 

 It is a basic tenet that the structure of proteins defines its function. One could not 

imagine a better paradigm for this than the structure of the ATP synthase F1 sector, 

which fits perfectly with the previously stated ‘binding change mechanism’ of the 

enzyme for ATP synthesis. Though, the function of the ATP synthase’s motor, the Fo 

sector, is still controversial and not understood in detail. Therefore, a high resolution 

structure of the multimeric arrangement of the c11, which is one of the central 

components of the Fo motor, would be of great benefit and it is conceivable that in the 

near future, high resolution structures of the whole Fo motor will solve the function of 

this fascinating nanomolecular machine. In this respect, it seems extremely promising 

that I have received 3D crystals of the c-ring and we look forward to solve the structure 

at high resolution in the near future.  

 

 

9.5 References 

Abrahams, J.P., Leslie, A.G.W., Lutter, R. and Walker, J.E. (1994) Structure at 2.8 Å resolution of F1-
ATPase from bovine heart mitochondria. Nature, 370, 621-628. 

Akimenko, V.K., Minkov, I.B., Bakeeva, L.E. and Vinogradov, A.D. (1972) Preparation and properties of 
soluble ATPase from beef heart mitochondria. Biokhimiia, 37, 348-359. 

Alam, R., Hachiya, N., Sakaguchi, M., Kawabata, S., Iwanaga, S., Kitajima, M., Mihara, K. and Omura, 
T. (1994) cDNA cloning and characterization of mitochondrial import stimulation factor (MSF) 
purified from rat liver cytosol. J. Biochem. (Tokyo), 116, 416-425. 

Arechaga, I., Butler, P.J. and Walker, J.E. (2002) Self-assembly of ATP synthase subunit c rings. FEBS 
Lett., 515, 189-193. 

Aufurth, S., Schägger, H. and Müller, V. (2000) Identification of subunits a, b, and c1 from 
Acetobacterium woodii Na+-F1F0-ATPase. Subunits c1, c2, and c3 constitute a mixed c-oligomer. 
J. Biol. Chem., 275, 33297-33301. 

Berger, K., Sivars, U., Sörhede, M., Johansson, P., Hellman, U., Rippe, C. and Erlanson-Albertsson, C. 
(2002) Mitochondrial ATP synthase - a possible target protein in the regulation of energy 
metabolism in vitro and in vivo. Nutr. Neurosci., 5, 201-210. 

Berry, S. and Rumberg, B. (1999) Proton to electron stoichiometry in electron transport of spinach 
thylakoids. Biochim. Biophys. Acta, 1410, 248-261. 

Beuron, F., Maurizi, M.R., Belnap, D.M., Kocsis, E., Booy, F.P., Kessel, M. and Steven, A.C. (1998) At 
sixes and sevens: characterization of the symmetry mismatch of the ClpAP chaperone-assisted 
protease. J. Struct. Biol., 123, 248-259. 

Bihn, E.A., Paul, A.L., Wang, S.W., Erdos, G.W. and Ferl, R.J. (1997) Localization of 14-3-3 proteins in 
the nuclei of arabidopsis and maize. Plant J., 12, 1439-1445. 

Boyer, P.D. (1993) The binding change mechanism for ATP synthase - some probabilities and 
possibilities. Biochim. Biophys. Acta, 1140, 215-250. 

Bulygin, V.V. and Vinogradov, A.D. (1991) Interaction of Mg2+ with F0F1 mitochondrial ATPase as 
related to its slow active/inactive transition. Biochem. J., 276, 149-156. 

Bunney, T.D., van Walraven, H.S. and de Boer, A.H. (2001) 14-3-3 protein is a regulator of the 
mitochondrial and chloroplast ATP synthase. Proc. Natl. Acad. Sci. USA, 98, 4249-4254. 



148 9. Discussion 

Cabezon, E., Arechaga, I., Jonathan, P., Butler, G. and Walker, J.E. (2000a) Dimerization of bovine F1-
ATPase by binding the inhibitor protein, IF1. J. Biol. Chem., 275, 28353-28355. 

Cabezon, E., Butler, P.J., Runswick, M.J. and Walker, J.E. (2000b) Modulation of the oligomerization 
state of the bovine F1-ATPase inhibitor protein, IF1, by pH. J. Biol. Chem., 275, 25460-25464. 

Cabezon, E., Runswick, M.J., Leslie, A.G. and Walker, J.E. (2001) The structure of bovine IF1, the 
regulatory subunit of mitochondrial F-ATPase. EMBO J., 20, 6990-6996. 

Cherepanov, D.A., Mulkidijanian, A.Y. and Junge, W. (1999) Transient accumulation of elastic energy in 
proton translocating ATP synthase. FEBS Lett., 449, 1-6. 

Cintron, N.M. and Pedersen, P.L. (1979) A protein inhibitor of the mitochondrial adenosine 
triphosphatase complex of rat liver. Purification and characterization. J. Biol. Chem., 254, 3439-
3443. 

Cowan, D.A. (1995) Protein stability at high temperatures. Essays Biochem., 29, 193-207. 
Dimroth, P., Wang, H., Grabe, M. and Oster, G. (1999) Energy transduction in the sodium F-ATPase of 

Propionigenium modestum. Proc. Natl. Acad. Sci. USA, 96, 4924-4929. 
Erlanson-Albertsson, C. and York, D. (1997) Enterostatin--a peptide regulating fat intake. Obes. Res., 5, 

360-372. 
Ferguson, S.J. (2000) ATP synthase:what dictates the size of a ring? Curr. Biol., 10, R804-R808. 
Fillingame, R.H., Jiang, W., Dmitriev, O.Y. and Jones, P.C. (2000) Structural interpretations of F0 rotary 

function in the Escherichia coli F1F0 ATP synthase. Biochim. Biophys. Acta, 1458, 387-403. 
Fischer, S., Graber, P. and Turina, P. (2000) The activity of the ATP synthase from Escherichia coli is 

regulated by the transmembrane proton motive force. J. Biol. Chem., 275, 30157-30162. 
Fleury, B., Di Pietro, A., Godinot, C. and Gautheron, D.C. (1980) Role of magnesium on kinetic 

parameters of soluble F1-ATPase from pig heart mitochondria. Biochimie, 62, 733-737. 
Gerike, U., Kaim, G. and Dimroth, P. (1995) In vivo synthesis of ATPase complexes of Propionigenium 

modestum and Escherichia coli and analysis of their function. Eur. J. Biochem., 232, 496-602. 
Gibbons, C., Montgomery, M.G., Leslie, A.G. and Walker, J.E. (2000) The structure of the central stalk 

in bovine F1-ATPase at 2.4 Å resolution. Nat. Struct. Biol., 7, 1055-1061. 
Girvin, M.E., Rastogi, V.K., Albildgaard, F., Markley, J.L. and Fillingame, R.H. (1998) Solution 

structure of the transmembrane H+-transporting subunit c of the F1F0 ATP synthase. 
Biochemistry, 37, 8817-8824. 

Graber, P., Schlodder, E. and Witt, H.T. (1977) Conformational change of the chloroplast ATPase 
induced by a transmembrane electric field and its correlation to phosphorylation. Biochim. 
Biophys. Acta, 461, 426-440. 

Guerrero, K.J., Xue, Z.X. and Boyer, P.D. (1990) Active/Inactive state transitions of the chloroplast F1 
ATPase are induced by a slow binding and release of Mg2+. Relationship to catalysis and control 
of F1 ATPases. J. Biol. Chem., 265, 16280-16287. 

Harris, D.A. and Crofts, A.R. (1978) The initial stages of photophosphorylation. Studies using excitation 
by saturating, short flashes of light. Biochim. Biophys. Acta, 502, 87-102. 

Harris, D.A. and Das, A.M. (1991) Control of mitochondrial ATP synthesis in the heart. Biochem. J., 280, 
561-573. 

Harris, D.A., von Tscharner, V. and Radda, G.K. (1979) The ATPase inhibitor protein in oxidative 
phosphorylation. The rate-limiting factor to phosphorylation in submitochondrial particles. 
Biochim. Biophys. Acta, 548, 72-84. 

Hashimoto, T., Negawa, Y. and Tagawa, K. (1981) Binding of intrinsic ATPase inhibitor to 
mitochondrial ATPase-stoichiometry of binding of nucleotides, inhibitor, and enzyme. J. 
Biochem., 90, 1151-1157. 

Hendrix, R.W. (1978) Symmetry mismatch and DNA packaging in large bacteriophages. Proc. Natl. 
Acad. Sci. USA, 75, 4779-4783. 

Hendrix, R.W. (1998) Bacteriophage DNA packaging: RNA gears in a DNA transport machine. Cell, 94, 
147-150. 

Hubbard, M.J. and McHugh, N.J. (1996) Mitochondrial ATP synthase F1-beta-subunit is a calcium-
binding protein. FEBS Lett., 391, 323-329. 

Jacobus, W.E. (1985) Respiratory control and the integration of heart high-energy phosphate metabolism 
by mitochondrial creatine kinase. Annu. Rev. Physiol., 47, 707-725. 

Jaenicke, R. (1998) What ultrastable globular proteins teach us about protein stabilization. Biochemistry-
Russia, 63, 312-321. 

Jaenicke, R. and Bohm, G. (1998) The stability of proteins in extreme environments. Curr. Opin. Struct. 
Biol., 8, 738-748. 

Jiang, W., Hermolin, J. and Fillingame, R.H. (2001) The preferred stoichiometry of c subunits in the 
rotary sector of Escherichia coli ATP synthase is 10. Proc. Natl. Acad. Sci. USA, 98, 4966-4971. 



9. Discussion  149 

Jones, P.C. and Fillingame, R.H. (1998) Genetic fusions of subunit c in the F0 sector of the H+-
transporting ATP synthase. Functional dimers and trimers and determination of stoichiometry by 
crosslinking analysis. J. Biol. Chem., 273, 29701-29705. 

Jones, P.C., Jiang, W. and Fillingame, R.H. (1998) Arrangement of the multicopy H+-translocating 
subunit c in the membrane sector of the Escherichia coli F1F0 ATP synthase. J. Biol. Chem., 273, 
17178-17185. 

Junge, W. (1970) The critical electric potential difference for photophosphorylation. Its relation to the 
chemiosmotic hypothesis and to the triggering requirements of the ATPase system. Eur. J. 
Biochem., 14, 582-592. 

Junge, W., Lill, H. and Engelbrecht, S. (1997) ATP synthase: An electrochemical transducer with rotatory 
mechanics. Trends Biochem. Sci., 22, 420-423. 

Junge, W., Pänke, O., Cherepanov, D.A., Gumbiowski, K., Müller, M. and Engelbrecht, S. (2001) Inter-
subunit rotation and elastic power transmission in F0F1-ATPase. FEBS Lett., 504, 152-160. 

Kaim, G. and Dimroth, P. (1993) Formation of a functionally active sodium-translocating hybrid F1F0 
ATPase in Escherichia coli by homologous recombination. Eur. J. Biochem., 218, 937-944. 

Kaim, G. and Dimroth, P. (1994) Construction, expression and characterization of a plasmid-encoded 
Na+-specific ATPase hybrid consisting of Propionigenium modestum F0-ATPase and 
Escherichia coli F1-ATPase. Eur. J. Biochem., 222, 615-623. 

Kaim, G. and Dimroth, P. (1998a) ATP synthesis by the F1F0 ATP synthase of Escherichia coli is 
obligatorily dependent on the electric potential. FEBS Lett., 434, 57-60. 

Kaim, G. and Dimroth, P. (1998b) A triple mutation in the a subunit of the Escherichia 
coli/Propionigenium modestum F1F0 ATPase hybrid causes a switch from Na+ stimulation to Na+ 
inhibition. Biochemistry, 37, 4626-4634. 

Kaim, G. and Dimroth, P. (1998c) Voltage-generated torque drives the motor of the ATP synthase. 
EMBO J., 17, 5887-5895. 

Kaim, G., Prummer, M., Sick, B., Zumofen, G., Renn, A., Wild, U.P. and Dimroth, P. (2002) Coupled 
rotation within single F0F1 enzyme complexes during ATP synthesis or hydrolysis. FEBS Lett., 
525, 156-163. 

Kaim, G., Wehrle, F., Gerike, U. and Dimroth, P. (1997) Molecular basis for the coupling ion selectivity 
of F1F0 ATP synthases: Probing the liganding groups for Na+ and Li+ in the c subunit of the ATP 
synthase from Propionigenium modestum. Biochemistry, 36, 9185-9194. 

Ketcham, S.R., Davenport, J.W., Warncke, K. and McCarty, R.E. (1984) Role of the gamma subunit of 
chloroplast coupling factor 1 in the light-dependent activation of photophosphorylation and 
ATPase activity by dithiothreitol. J. Biol. Chem., 259, 7286-7293. 

Laubinger, W., Deckers-Hebestreit, G., Altendorf, K. and Dimroth, P. (1990) A hybrid 
adenosinetriphosphatase composed of F1 of Escherichia coli and F0 of Propionigenium 
modestum is a functional sodium ion pump. Biochemistry, 29, 5458-5463. 

Laubinger, W. and Dimroth, P. (1987) Characterization of the Na+-stimulated ATPase of Propionigenium 
modestum as an enzyme of the F1F0 type. Eur. J. Biochem., 168, 475-480. 

Lee, B. and Vasmatzis, G. (1997) Stabilization of protein structures. Curr. Opin. Biotechnol., 8, 423-428. 
Lippe, G., Sorgato, M.C. and Harris, D.A. (1988) Kinetics of the release of the mitochondrial inhibitor 

protein. Correlation with synthesis and hydrolysis of ATP. Biochim. Biophys. Acta, 933, 1-11. 
May, T. and Soll, J. (2000) 14-3-3 proteins form a guidance complex with chloroplast precursor proteins 

in plants. Plant Cell, 12, 53-64. 
Meier, T. and Dimroth, P. (2002) Intersubunit bridging by sodium ions as rationale for the unusual 

stability of the turbines of Na+-F1Fo ATP synthases. EMBO Rep., 3, 1094-1098. 
Meier, T., Matthey, U., von Ballmoos, C., Vonck, J., Krug von Nidda, T., Kühlbrandt, W. and Dimroth, 

P. (2002) Evidence for structural integrity in the undecameric c-rings isolated from sodium ATP 
synthases. J. Mol. Biol., in press. 

Müller, D.J., Dencher, N.A., Meier, T., Dimroth, P., Suda, K., Stahlberg, H., Engel, A., Seelert, H. and 
Matthey, U. (2001) ATP synthase: constrained stoichiometry of the transmembrane rotor. FEBS 
Lett., 504, 219-222. 

Nalin, C.M. and McCarty, R.E. (1984) Role of a disulfide bond in the gamma subunit in activation of the 
ATPase of chloroplast coupling factor 1. J. Biol. Chem., 259, 7275-7280. 

Neumann, S., Matthey, U., Kaim, G. and Dimroth, P. (1998) Purification and properties of the F1F0 
ATPase of Ilyobacter tartaricus, a sodium ion pump. J. Bacteriol., 180, 3312-3316. 

Nicholls, D.G. and Ferguson, S.J. (1992) Bioenergetics 2. Academic press, London. 
Norling, B., Tourikas, C., Hamasur, B. and Glaser, E. (1990) Evidence for an endogenous ATPase 

inhibitor protein in plant mitochondria. Purification and characterization. Eur. J. Biochem., 188, 
247-252. 



150 9. Discussion 

Ort, D.R. and Oxborough, K. (1992) In Situ Regulation of Chloroplast Coupling Factor Activity. Annu. 
Rev. Plant Physiol. Plant Mol. Biol., 46, 269-291. 

Pace, C.N., Shirley, B.A., McNutt, M. and Gajiwala, K. (1996) Forces contributing to the conformational 
stability of proteins. FASEB J., 10, 75-83. 

Pänke, O., Gumbiowski, K., Junge, W. and Engelbrecht, S. (2000) F-ATPase: specific observation of the 
rotating c subunit oligomer of EF0EF1. FEBS Lett., 472, 34-38. 

Pänke, O. and Rumberg, B. (1999) Kinetic modeling of rotary CF0F1-ATP synthase: storage of elastic 
energy during energy transduction. Biochim. Biophys. Acta, 1412, 118-128. 

Pierrat, B., Ito, M., Hinz, W., Simonen, M., Erdmann, D., Chiesi, M. and Heim, J. (2000) Uncoupling 
proteins 2 and 3 interact with members of the 14.3.3 family. Eur. J. Biochem., 267, 2680-2687. 

Privalov, P.L. (1979) Stability of proteins: small globular proteins. Adv. Prot. Chem., 33, 167-241. 
Pullman, M.E. and Monroy, G.C. (1963) A naturally occurring inhibitor of mitochondrial adenosine 

triphosphatase. J. Biol. Chem., 238, 3762-3769. 
Robertson, A.D. and Murphy, K.P. (1997) Protein structure and the energetics of protein stability. Chem. 

Rev., 97, 1251-1267. 
Rodgers, A.J. and Wilce, M.C. (2000) Structure of the γ-ε complex of ATP synthase. Nat. Struct. Biol., 7, 

1051-1054. 
Ruppert, C., Kavermann, H., Wimmers, S., Schmid, R., Kellermann, J., Lottspeich, F., Huber, H., Stetter, 

K.O. and Müller, V. (1999) The proteolipid of the A1A0 ATP synthase from Methanococcus 
jannaschii has six predicted transmembrane helices but only two proton-translocating carboxyl 
groups. J. Biol. Chem., 274, 25281-25284. 

Sagermann, M., Stevens, T.H. and Matthews, B.W. (2001) Crystal structure of the regulatory subunit H 
of the V-type ATPase of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA, 98, 7134-7139. 

Sambongi, Y., Iko, Y., Tanabe, M., Omote, H., Iwamoto-Kihara, A., Ueda, I., Yanagida, T., Wada, Y. 
and Futai, M. (1999) Mechanical rotation of the c subunit oligomer in ATP synthase F1F0: direct 
observation. Science, 286, 1722-1724. 

Schemidt, R.A., Hsu, D.K., Deckers-Hebestreit, G., Altendorf, K. and Brusilow, W.S. (1995) The effects 
of an atpE ribosome-binding site mutation on the stoichiometry of the c subunit in the F1F0 
ATPase of Escherichia coli. Arch. Biochem. Biophys., 323, 423-428. 

Schemidt, R.A., Qu, J., Williams, J.R. and Brusilow, W.S. (1998) Effects of carbon source on expression 
of F0 genes and on the stoichiometry of the c subunit in the F1F0 ATPase of Escherichia coli. J. 
Bacteriol., 180, 3205-3208. 

Seelert, H., Poetsch, A., Dencher, N.A., Engel, A., Stahlberg, H. and Müller, D.J. (2000) Proton-powered 
turbine of a plant motor. Nature, 405, 418-419. 

Sehnke, P.C., Henry, R., Cline, K. and Ferl, R.J. (2000) Interaction of a plant 14-3-3 protein with the 
signal peptide of a thylakoid-targeted chloroplast precursor protein and the presence of 14-3-3 
isoforms in the chloroplast stroma. Plant Physiol., 122, 235-242. 

Selwin, M.J. (1967) Preparation and general properties of a soluble adenosine triphosphatase from 
mitochondria. Biochem. J., 105, 279-288. 

Stahlberg, H., Müller, D.J., Suda, K., Fotiadis, D., Engel, A., Meier, T., Matthey, U. and Dimroth, P. 
(2001) Bacterial Na+-ATP synthase has an undecameric rotor. EMBO Rep., 2, 229-233. 

Stock, D., Leslie, A.G.W. and Walker, J.E. (1999) Molecular architecture of the rotary motor in ATP 
synthase. Science, 286, 1700-1705. 

St-Pierre, J., Brand, M.D. and Boutilier, R.G. (2000) Mitochondria as ATP consumers: cellular treason in 
anoxia. Proc. Natl. Acad. Sci. USA, 97, 8670-8674. 

Syroeshkin, A.V., Galkin, M.A., Sedlov, A.V. and Vinogradov, A.D. (1999) Kinetic mechanism of ATP 
hydrolysis by the mitochondrial F1F0 ATPase: Mg2+ requirement for Mg x ATP hydrolysis. 
Biochemistry-Russia, 64, 1128-1137. 

Tarricone, C., Xiao, B., Justin, N., Walker, P.A., Rittinger, K., Gamblin, S.J. and Smerdon, S.J. (2001) 
The structural basis of Arfaptin-mediated cross-talk between Rac and Arf signalling pathways. 
Nature, 411, 215-219. 

Thomas, D.R., Morgan, D.G. and DeRosier, D.J. (1999) Rotational symmetry of the C ring and a 
mechanism for the flagellar rotary motor. Proc. Natl. Acad. Sci. USA, 96, 10134-10139. 

Tsunoda, S.P., Aggeler, R., Yoshida, M. and Capaldi, R. (2001a) Rotation of the c subunit oligomer in 
fully functional F1F0 ATP synthase. Proc. Natl. Acad. Sci. USA, 98, 898-902. 

Tsunoda, S.P., Rodgers, A.J., Aggeler, R., Wilce, M.C., Yoshida, M. and Capaldi, R.A. (2001b) Large 
conformational changes of the ε subunit in the bacterial F1F0 ATP synthase provide a ratchet 
action to regulate this rotary motor enzyme. Proc. Natl. Acad. Sci. USA, 98, 6560-6564. 

Turina, P., Rumberg, B., Melandri, B.A. and Graber, P. (1992) Activation of the H+-ATP synthase in the 
photosynthetic bacterium Rhodobacter capsulatus. J. Biol. Chem., 267, 11057-11063. 



9. Discussion  151 

Uhlin, U., Cox, G.B. and Guss, J.M. (1997) Crystal structure of the epsilon subunit of the proton-
translocating ATP synthase from Escherichia coli. Structure, 5, 1219-1230. 

Valpuesta, J.M., Fernandez, J.J., Carazo, J.M. and Carrascosa, J.L. (1999) The three-dimensional 
structure of a DNA translocating machine at 10 A resolution. Structure, 7, 289-296. 

Vieille, C. and Zeikus, J.G. (1996) Thermozymes - Identifying molecular determinants of protein 
structural and functional stability. Trends Biotechnol., 14, 183-190. 

Vik, S.B. and Antonio, B.J. (1994) A mechanism of proton translocation by F1F0 ATP synthases by 
double mutants of the a subunit. J. Biol. Chem., 269, 30364-30369. 

Vinogradov, A.D. (2000) Steady-state and pre-steady-state kinetics of the mitochondrial F1Fo ATPase: is 
ATP synthase a reversible molecular machine? J. Exp. Biol., 203 Pt 1, 41-49. 

von Ballmoos, C., Appoldt, Y., Brunner, J., Granier, T., Vasella, A. and Dimroth, P. (2002a) Membrane 
Topography of the Coupling Ion Binding Site in Na+-Translocating F1F0 ATP Synthase. J. Biol. 
Chem., 277, 3504-3510. 

von Ballmoos, C., Meier, T. and Dimroth, P. (2002b) Membrane embedded location of Na+ or H+ binding 
sites on the rotor ring of F1F0 ATP synthases. Eur. J. Biochem., 269, 5581-5589. 

Vonck, J., Krug von Nidda, T., Meier, T., Matthey, U., Mills, D.J., Kühlbrandt, W. and Dimroth, P. 
(2002) Molecular architecture of the undecameric rotor of a bacterial Na+-ATP synthase. J. Mol. 
Biol., 321, 307-316. 

Walker, J.E. (1994) The regulation of catalysis in ATP synthase. Curr. Opin. Struct. Biol., 4, 912-918. 
Wang, H. and Oster, G. (1998) Energy transduction in the F1 motor of ATP synthase. Nature, 396, 279-

282. 
Wang, J., Goodman, H.M. and Zhang, H. (1999) An Arabidopsis 14-3-3 protein can act as a 

transcriptional activator in yeast. FEBS Lett., 443, 282-284. 
Wilkens, S., Dahlquist, F.W., McIntosh, L.P., Donaldson, L.W. and Capaldi, R.A. (1995) Structural 

features of the epsilon subunit of the Escherichia coli ATP synthase determined by NMR 
spectroscopy. Nat. Struct. Biol., 2, 961-967. 

Yamada, E.W. and Huzel, N.J. (1983) Isolation of two ATPase inhibitor proteins from mitochondria of 
rat skeletal muscle. Biosci. Rep., 3, 947-954. 

Yamada, E.W. and Huzel, N.J. (1988) The calcium-binding ATPase inhibitor protein from bovine heart 
mitochondria. Purification and properties. J. Biol. Chem., 263, 11498-11503. 

Yamada, E.W., Huzel, N.J. and Dickison, J.C. (1981) Reversal by uncouplers of oxidative 
phosphorylation and by Ca2+ of the inhibition of mitochondrial ATPase activity by the ATPase 
inhibitor protein of rat skeletal muscle. J. Biol. Chem., 256, 10203-10207. 

Yamada, E.W., Shiffman, F.H. and Huzel, N.J. (1980) Ca2+-regulated release of an ATPase inhibitor 
protein from submitochondrial particles derived from skeletal muscles of the rat. J. Biol. Chem., 
255, 267-273. 

Zeikus, J.G., Vieille, C. and Savchenko, A. (1998) Thermozymes: biotechnology and structure-function 
relationships. Extremophiles, 2, 179-183. 

 



152 Curriculum vitae 

CURRICULUM VITAE 

 
Thomas Kurt Meier 

 

Born December 1st, 1972 in Walenstadt (SG), Switzerland 

Citizen of Mauren, Principality of Liechtenstein (FL) 

 

 

1980 – 1985 Primary education in Schaan, FL 

1985 – 1993 Liechtensteinisches Gymnasium Vaduz, FL 

 Final examination: Eidgenössische Matura, Typus B 

1993 – 1998 Studies of Biology at the Swiss Federal Institute of Technology (ETH) 

Zurich 

 Diploma Thesis at the Institute of Microbiology, ETH Zurich 

1998 – 2002 Scientific collaborator and assistant at the Institute of Microbiology, 

ETH Zurich 

Ph. D. Thesis 

 



List of publications  153 

LIST OF PUBLICATIONS 

 
Meier, T. and Dimroth, P. (2002) Intersubunit bridging by sodium ions as rationale for 

the unusual stability of the turbines of Na+-F1Fo ATP synthases. EMBO Rep., 3, 

1094-1098.  

Meier, T., Matthey, U., Henzen, F., Dimroth, P. and Müller, D.J. (2001) The central 

plug in the reconstituted undecameric c cylinder of a bacterial ATP synthase 

consists of phospholipids. FEBS Lett., 505, 353-356.  

Meier, T., Matthey, U., von Ballmoos, C., Vonck, J., Krug von Nidda, T., Kühlbrandt, 

W. and Dimroth, P. (2002) Evidence for structural integrity in the undecameric 

rotors isolated from sodium ATP synthases. J. Mol. Biol., in press. 

Meier, T., von Ballmoos, C., Neumann, S., Dimroth, P. and Kaim, G. (2002) DNA 

sequence of the entire atp-operon encoding the sodium dependent F1Fo ATP 

synthase from Ilyobacter tartaricus. Biochim. Biophys. Acta, submitted. 

Müller, D.J., Dencher, N.A., Meier, T., Dimroth, P., Suda, K., Stahlberg, H., Engel, A., 

Seelert, H. and Matthey, U. (2001) ATP synthase: constrained stoichiometry of 

the transmembrane rotor. FEBS Lett., 504, 219-222. 

Stahlberg, H., Müller, D.J., Suda, K., Fotiadis, D., Engel, A., Meier, T., Matthey, U. and 

Dimroth, P. (2001) Bacterial Na+-ATP synthase has an undecameric rotor. 

EMBO Rep., 2, 229-233. 

Vonck, J., Krug von Nidda, T., Meier, T., Matthey, U., Mills, D.J., Kühlbrandt, W. and 

Dimroth, P. (2002) Molecular architecture of the undecameric rotor of a 

bacterial Na+-ATP synthase. J. Mol. Biol., 321, 307-316. 

von Ballmoos, C., Meier, T. and Dimroth, P. (2002) Membrane embedded location of 

Na+ or H+ binding sites on the rotor ring of F1F0 ATP synthases., Eur. J. 

Biochem., 269, 5581-5589. 


