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Abstract

Abstract

Rotary F-type ATP synthases are essential components of cellular bioenergetics in bacteria. The
bioenergetic role of membrane-integrated rotary ATP synthases is to catalyze ATP synthesis at
the expense of the transmembrane electrical ion gradient (Mitchell 1961, Duncan et al. 1995,
Noji et al. 1997, Kinosita et al. 1998). Rotary ATP synthases are divided into two classes
according to their cation selectivity under physiological conditions, one belonging to H'-
selective and other belonging to Na'-selective ATP synthases. Their monovalent cation
selectivity (H" or Na') is a critical property that underpins the bioenergetic function. There is
only a limited number of anaerobic eubacteria and archaea, which retain Na'-coupled
bioenergetics. The well-characterized examples of Na'-selective ATP synthases are the F-type
enzymes from 1. tartaricus, P. modestum and V/A-type enzymes of E. hirae and A. woodii.
Despite differences in cation selectivity, their organization and principles of action are similar.

In the work presented in this thesis, the aim was to investigate which factors contribute to high
selectivity and affinity of ATP synthase membrane-embedded rotor c-ring with respect to
protons (H") and Na'. To carry out this investigation, the F-type ATP synthase c,;-ring from the
anaerobic bacterium Ilyobacter tartaricus was used as a model system. The 1. tartaricus c-ring
has an inherently high binding selectivity for Na’, but under non-physiological condition, it can
also bind and operate with Li" and H™ (Neumann et al. 1998).

The thesis is divided in four sections: (i) An introduction of rotary ATP synthases and how they
can be experimentally approach to characterize their monovalent cation properties. (ii) The
investigation of cation binding properties of the purified /. tartaricus wild-type and mutant c-
rings.(iii) The biochemical exploration of the catalytic activity of I. tartaricus wild-type and
mutant ATP synthases regarding their Na', H™ and Li" selectivity and affinity. (iv)The last
section discusses these findings in the context of principles of biophysics and biochemistry
toward design of Na" and/or H' selectivity of rotary ATP synthases.

Two terms were used to describe the association of monovalent cations with c-rings and ATP
synthases: (i) selectivity, which distinguishes between binding partners with higher and lower

specificity (selectivity refers to differences in absolute binding affinities of ligands); (ii) affinity,
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which describes the probability of a protein finding a ligand molecule (Jones et al. 1998,
Demchenko 2001). The Ky and Ky values were used to quantify Na" binding affinity of the c-
rings and ATP synthases, respectively. The selectivity was used to indicate cations that can bind
tothe c-rings and ATP synthases (e.g., H/Na'/Li"-, H/Na'- or only H'). The ratio between
absolute binding affinities for each of the cations (e.g., Kq (Na")/Kq (H")) was used to display a
preference toward particular cation. The factors that underlie cation selectivity and affinity of 7.
tartaricus c-ring were studied by mutagenesis of its ion binding site residues. Na" binding in 7.
tartaricus c-ring occurs at the interface of two adjacent c-subunits of the c-ring. Amino acids
participating in binding of the Na' are located in helix 1 (GIn32) and helix 2 (Val63, Ser66,
Thr67 and Tyr70) close to the essential Glu65.1n total, 19 different specific site-directed single
and double mutations were introduced in the sequence of atpE gene encoding 1. tartaricus ATP
synthase c-subunit. In particularly, three polar residues from ion binding site in /. tartaricus c-
ring (Ser66, Thr67 and Tyr70) were replaced with other, polar residues (Ser67, Ile67 or
Leu67),or hydrophobic residues (Ala66, GIn67 and Phe70). The charged Glu65 was substituted
by shorter, but still charged side chain Asp65. An approach that combines biochemical (DCCD
ion competition assay) and biophysical (ITC) methods to characterize monovalent cation binding
by I. tartaricus wild-type and mutant c-rings was used.

The ATP synthase inhibitor N,N'-dicyclohexylcarbodiimide (DCCD), which covalently modifies
protonated Glu/Asp carboxyl group in c-subunits at different [Na']/[H'] molar ratios, was used
to assess differences in Na” and/or H' binding to wild-type and mutant c-rings. Only c-rings with
high Na" binding affinity could be sufficiently protected against DCCD modification of Glu/Asp
carboxyl group. A result of this study was that much higher initial [Na']/[H'] molar ratios were
required to protect the carboxyl group in T67G, T67S, E65D, Y70F, S66A/Y70F and Q32A
mutant c-rings against DCCD modification and that Na" did not protect Glu65 carboxyl group
even at very high [Na']/[H'] molar ratio in the Q32A/Y70F mutant c-ring. It was concluded
therefore, that Q32A/Y70F mutation abolishes Na" binding to I. tartaricus c-ring and T67G,
T67S, E65D, Y70F, S66A/Y70F and Q32A mutations reduce Na' binding affinity of I
tartaricus c-ring. The changes in [Na']/[H'] molar ratio required to protect Glu65 carboxyl
group against DCCD modification were also correlated with H' binding properties of Glu65
carboxyl group (namely, its pKa value). Indeed, for the set of Q32A, S66A/Y70F and
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Q32A/Y70F mutant c-rings it was shown that considerably reduced (Q32A and S66A/Y70F
mutations) or no Na' protection (Q32A/Y70F mutation) against DCCD modification correlated
with higher pKa values of Glu65 carboxyl group in corresponding c-rings. Another question
addressed what determines high pKa in Q32A, S66A/Y70F and Q32A/Y70F mutant c-rings.
This work postulates that high pKa of Glu65 carboxyl group is related to the high hydrophobicity
of the ion binding site in the c-ring. In general, set of DCCD modification experiments with the
c-rings gave a clear indication on changes in both, cation affinity and selectivity upon
introduction of mutations in the /. fartaricus c-ring.
At the next step, isothermal titration calorimetry (ITC) experiments on Na" binding to wild-type
and mutant c-rings of /. tartaricus were run in order to obtain accurate measurements of changes
in Na" binding affinity of mutant c-rings. In the case of the I tartaricus wild-type c-ring,
solubilized in DDM detergent, the absolute binding affinity for Na (the K4 (Na") was
extrapolated at theoretical [H'] = 0) roughed to 7.9 pM. By experimental approach, it was shown
that Na' binds to I tartaricus c-ring with equivalent affinity only at conditions of low H'
concentration (high pH), when Glu65 carboxyl group is deprotonated and no cation competition
is observed. In terms of total cation selectivity (the K4 (Na")/Kq (H") ratio was calculated) intact
c-ring of I tartaricus is 637 more selective to H' than to Na'. However, the total cation
selectivity varied depending on the local chemical environment around the ion binding site (e.g.,
if different detergents or even organic solvent were used for c-ring solubilisation). A mutagenesis
study with the G25A, T67G and Y70F mutants additionally underpinned different principles that
underlie inherently tight Na" binding to I. tartaricus c-ring. The role of atomic composition with
enthalpy-driven thermodynamic mechanism of interaction was assigned for attaining high Na"
binding affinity by . tartaricus c-ring. The Na' binding affinity of the wild-type and mutant c-
rings was divided on the basis of the contribution (favorable negative or unfavorable positive) of
enthalpy and entropy energy changes into total free energy change of a Na' binding reaction, into
three groups:

(I) high-affinity Na" binding (low uM range)

(I1) middle-affinity Na" binding (high uM range)

(I1T) low-affinity Na" binding (mM range)

1Y%
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To address the functional significance of residues in or near the ion binding site of the c-ring in 1.
tartaricus ATP synthase, the kinetic properties of ATP synthesis of the wild-type and a selection
of mutant ATP synthases, recombinantly expressed in E. coli cells and purified via metal affinity
chromatography, were studied by assaying ATP hydrolysis and ATP synthesis measurements.
The following question was addressed: How would the substitution of residues in the ion binding
site of 1. tartaricus c-ring affect the assembly and activity of ATP synthase? ATP hydrolysis
assay was used to show that mutant c-rings could assemble in functional coupled ATP synthases.
Next, it was determined that depending on applied conditions, smf, pmf or Imf can drive ATP
synthesis by wild-type ATP synthase reconstituted in ETLE vesicles. Most of the mutations that
were introduced in or near the c-ring ion binding site (namely, G25A, Y70F, S66A, T67G,
S66A/Y70F, E65D, G258, T67M, T67Q and Q32A/Y70F) altered the inherent cation selectivity
of I tartaricus ATP synthase, allowing Na" and H" (but not Li") gradients to drive ATP
synthesis. This is the presence of ionisable Asp/Glu residue in the ion binding site of the rotary c-
rings that makes Na'-motive ATP synthases additionally selective to H', as it is seen in both,
wild-type and mutant ATP synthases studied in this work. The rates of pmf-driven ATP synthesis
differed among mutants and correlated with differences in the pKa values of Glu65 carboxyl
group in the c-ring. Higher pKa values of Glu65 in Q32A, S66A/Y70F and Q32A/Y70F mutant
c-rings correlated with higher turnover numbers of pmf-driven ATP synthesis of the
corresponding mutant ATP synthases. In general, the current mutagenesis study did not reveal
mutations apart from Glu65 residue in the rotor c-ring that restrict pmf-driven ATP synthesis
activity. From other hand, the mutagenesis study revealed a total of five mutations (E65D, G258,
T67M, T67Q and Q32A/Y70F) that restrict smf- and /mf- ATP synthesis by the /. tartaricus ATP
synthase. Further, the Ky (Na") values were determined for wild-type and mutant ATP synthases
using Na' inhibition of pmf-driven ATP synthesis. A hybrid I. tartaricus ATP synthase in which
the . tartaricus Na'/Li'/H -selective c-ring was replaced by the H'-selective c-ring from the S.
platensis ATP synthase was used to validate the method of Ky (Na') determination. The
obtained hybrid ATP synthase was exclusively H'-selective and was used to test unspecific
binding of Na" and Li" to I. tartaricus ATP synthase. In this experiment, it was shown that at the
concentrations up to 100 mM there is no binding of Na" or Li" to other subunits of ATP synthase
that can inhibit pmf-driven ATP synthesis activity of . tartaricus ATP synthase. Concerning the
v
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Na' binding affinity, the wild-type Ky (Na") value of 1.2 mM was increased up to 20 mM for the
mutants T67G and G25A. Higher Ky (Na") values correlated with slower turnover rates for ATP
synthesis (ATPs synthesised per second per nM of protein) by S66A, Y70F, G25A, T67G, Q32A
and S66A/Y70F mutant ATP synthases, driven by smf.

The obtained changes in Na' binding affinity (both, K4 and Ky values were obtained in this
work) and changes in turnover rates by corresponding mutant ATP synthases driven by smf, were
related to changes in overall enzyme catalytic smf-driven efficiency. Namely, the ratio of the
enzyme’s maximal reaction rate (Vi in s*) and the Na” binding affinity of the c-ring (Kq, in
uM) was determined [Vima/Kg (Na") parameter = K../Ky parameter]. All mutations introduced
in or near the ion binding site of I. tartaricus c-ring caused a decrease in Vi.x/Kg(Na") at least by
one order of magnitude relative to wild-type ATP synthases. This means that the original amino
acid composition of ion-binding site in /. fartaricus c-ring is best adapted for reaching high
efficiency of smf-driven ATP synthesis under tested (close to physiological) conditions.

The data obtained from the experiments that were carried out in this work indicate that c-rings
are selective to H' as far as ionisable Glu/Asp residue is present in the ion-binding site of the c-
ring. The H' binding affinity of the c-ring is dependent on hydrophobicity of the residues that
compose the ion binding site. The factors that define the Na' selectivity of the c-ring are far more
numerous. From those that were studied in this work, the number of polar residues that
contribute hydrogen bonds to Na', co-coordination of Na* by structurally present water molecule
and presence of negatively charged residue should be mentioned as very important for Na"
liganding to the c-ring. Interactions that stabilize bound Na" and overall atomic composition of
ion binding site that favour enthalpy-driven Na" binding to c-ring play major role in attending
the high Na" binding affinity of the c-ring. For the first time, this in-depth study outlines the
thermodynamic settings that underlie high Na" binding affinity of the c-ring and traces changes
imposed by mutations. The numerous experiments with ATP synthase assembled with mutant c-
rings were directed to link the changes in H™ and Na' binding affinities with changes in operation
of ATP synthase. The main conclusion that may be derived from this work is that the Na'/H'-
selective ATP synthases can be converted to exclusively H'-selective fully functional ATP

synthases by substituting only 1-2 residues within its rotary c-ring ion binding sit
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Zusammenfassung

Die membranintegrierten, rotierenden F-Typ ATP-Synthasen zdhlen zu den essentiellen
Komponenten der bakteriellen Energieversorgung. Thre Rolle im zelluldren Energiehaushalt
bestehtin der Synthese von ATP unter Nutzung des transmembranen, elektrischen
Ionengradienten (Mitchell 1961, Duncan et al. 1995, Noji et al. 1997, Kinosita et al. 1998). Die
rotierenden ATP-Synthasen werden entsprechend der Kationenselektivitit,die sie unter
physiologischen Bedingungen zeigen, in zwei verschiedene Klassen eingeteilt, die H' selektiven,
sowiedie Na' -selektiven ATP-Synthasen. Hierbei bildet die Selektivitit beider Klassen fiir
einwertige Kationen (H™ oder Na") eine essenzielle Grundlage fiir ihre Rolle im Energiehaushalt
der bakteriellen Zellen. Jedoch gibt es nur eine begrenzte Anzahl von anaeroben Eubakterien und
Archaeen, die noch einen auf Na'- Ionen basierenden Energichaushalt besitzen. Gut
charakterisierte Beispiele fiir Na' selektive ATP-Synthasen bilden die F-Typ-Synthasen von
L tartaricus, P. modestum, sowie die V/A-Typ-Enzyme von E. hirae und A. woodii. Trotz der
Unterschiede in der Kationenselektivitdtder unterschiedlichen F-Typ ATP-Synthasen sind sie
jedoch sowohl inihre Organisation, als auch hinsichtlich ihre Wirkungsweisen dhnlich.

Das Ziel, der im Rahmen dieser Arbeit durchgefiihrten Forschung, bestand in der Identifizierung
der Faktoren, die sowohl dic hohen Selektivitit, als auch die Affinitdt des in der Membran-
eingebetteten Rotor-C-Rings der ATP-Synthasezu Protonen (H') und Na'- Ionen beeinflussen.
Die Untersuchungen wurden hierbei andem c;;-Ring der F-Typ-ATP-Synthase aus dem
anaeroben Bakterium Ilyobacter tartaricusdurchgefiihrt, das hierbei als Modellsystem diente.
Der untersuchte Ring zeigt unter physiologischen Bedingungen eine hohe Bindungsselektivitét
fiir Na" Ionen, kann jedoch unter nicht-physiologischen Bedingungen auch Li" und H" Ionen
binden und zur ATP-Synthese verwenden (Neumann et al. 1998).

Die K¢ und Ky-Werte wurden verwendet, um die Na’ -Bindungsaffinitit der C-Ringe bzw.
ATP-Synthasen zu quantifizieren. Uber die Selektivitiit wurdebeschrieben, welche Kationen an
die C-Ringe und ATP-Synthasen binden kénnen (z. B. H/Na'/Li", H/Na" - oder nur H"
Ionen).Das Verhiltnis der absoluten Bindungsaffinititen zwischen zwei Kationen (z. B. Ky
(Na")/Kq (H")) wurde verwendet, um die Priferenz des Enzyms fiir eines der Ionen zu
quantifizieren. Die Faktoren, diederKationenselektivitdt und der Affinitdt des /. tartaricus c-
Rings zugrunde liegen, wurden mit Hilfe von Mutageneseexperimenten der Aminosduren in der

TIonenbindungsstelle untersucht. Im I tartaricus-c-Ring erfolgt die Na' Bindung an der
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Grenzflache von zwei benachbarten c-Untereinheiten des c-Rings.
An der Bindung der Na'-Ionen sind sowohl Aminosiuren aus Helix 1 (GIn32), sowie von
Helix 2 (Val63, Ser66, Thr67 und Tyr70) beteiligt, die in der Néhe, des fiir den
Mechanismusessentiellen Glu65 liegen. Insgesamt wurden 19 verschiedene, spezifische Einzel-
und Doppelmutationen in die Sequenz des afpE-Gens eingefiihrt, die fiir die 1. tarticus-ATP-
Synthase-c-Untereinheit kodiert. Bei den Experimenten mit dem /. tartaricus c-Ring (Ser66,
Thr67 und Tyr70) wurden drei polare Reste der lonenbindungsstelle durch die polaren Reste
(Ser67, 1le67 oder Leu67) oder hydrophobe Reste (Ala66, GIn67 und Phe70) ersetzt, wahrend
das geladene Glu65 durch die kiirzere, aber immer noch geladene Seitenkette Asp65
ausgetauscht wurde. Zur Charakterisierung der monovalenten Kationenbindung durch die
Wildtyp, sowie die mutierten C-Ringe von [I.-tartaricus, wurde ein Ansatz verwendet, der
biochemische (DCCD-Ionen-Kompetitionsassay) und biophysikalische (ITC) Methoden
kombiniert.
Der ATP-Synthase-Inhibitor N, N'-Dicyclohexylcarbodiimid (DCCD), der protonierte Glu/Asp-
Carboxylgruppen in c-Untereinheiten kovalent modifiziert, wurde verwendet, um Unterschiede
in der Na” und / oder H" Bindung an die untersuchten Wildtyp- und mutierten C-Ringe zu
untersuchen, da die Stirke der Modifikation Abhéngig vommolaren [Na']/[H'] Verhiltnis ist. C-
Ringe mit hoher Na'-Bindungsaffinitit waren besser gegen eine DCCD Modifikation der
Glu/Asp-Carboxylgruppe geschiitzt. Die Ergebnisse der Experimente zeigen,dass bei den
Mutanten T67G, T67S, E65D, Y70F, S66A/Y70F und Q32A der C-Ringe ein hoheres
anfinglichesmolares [Na']/[H'] Verhiltnis erforderlich war um die Carboxylgruppe gegen die
DCCD-Modifikation zu schiitzten, wihrend im Fall der Q32A/Y70F-Mutanten-c-Ring auch bei
einem sehr hohen [Na']/[H'] - Molverhiltnis die Glu65-Carboxylgrupp nicht geschiitzt war. Auf
Grundlage dieser Ergebnisse wurde geschlossen, dass die Mutationen Q32A/Y70F die Na'-
Bindung an den I.-tartaricus-Ring authebt, wihrend die Mutationen T67G-, T67S, E65D, Y70F,
S66A/Y70F und Q32A die Na'-Bindungsaffinitit des I-tartaricus-c-Rings reduzieren. Die
Anderungen des molaren Verhiltnisses von [Na']/[H'], die erforderlich waren, um die Glu65-
Carboxylgruppe gegen DCCD-Modifikation zu schiitzen, wurde ebenfalls mit den H'
Bindungseigenschaften, in Form ihres pKa-Wertes, der Glu65-Carboxylgruppe korreliert
(ndmlich ihrem pKa-Wert).
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Fiir die Kombination der Mutationen Q32A-, S66A/Y70F- und Q32A/Y70F des C-Rings, fiir die
ein stark eingeschrinkter Schutz (Q32A- und S66A/Y70F-Mutationen) bzw. kein Schutz durch
Na'-Tonen (Q32A/Y70F-Mutation) gegeniiber der DCCD-Modifikation beobachtet werden
konnte, war eine Korrelation mit hoheren pKa-Werten von Glu65-Carboxylgruppe in
entsprechenden C-Ringen gemessen.Woraus sich die Frage ergab, was den hohen pKa in den
mutierten c-Ringen Q32A, S66A/Y70F und Q32A/Y70F bestimmt.

Diese Arbeit postuliert, dass ein hoher pKa-Wert der Glu65-Carboxylgruppe mit der hohen
Hydrophobizitit der Ionenbindungsstelle im C-Ring zusammenhdngt. Im Allgemeinen gab eine
Reihe von DCCD-Modifikationsexperimenten mit den C-Ringen einen deutlichen Hinweis auf
Verdanderungen sowohl der Kationenaffinitét als auch der Selektivitit durch die Einflihrung der
Mutationen in den I.-fartaricus-c-Ring.

Im nédchsten Schritt wurden isothermale titrations Kalorimetrie (ITC) Experimente durchgefiihrt,
um exakte Anderungen in der Na" Bindungsaffinitit der Wildtyp und der c-Ring Mutanten zu
bestimmen. Im Falle des Wildtyp I.-tartaricus-c-Rings, der in DDM Detergenz geldst wurde,
wurde eine absolute Bindungsaffinitit von Na™ (der K4 (Na")) wurde zu einem theoretischen
Wert von [H'] = 0 extrapoliert) von ca. 7.9 pM bestimmt. Experimentell konnte gezeigt werden,
dass die Na" Bindung an den I.-tartaricus-c-Ringnur mit equivalenter Affinitit bei niedriger H'-
Konzentration (hohem pH) erfolgt, bei dem die Carboxylgruppe des Glu65 deprotoniert vorliegt
und keine Kationen Kompetition beobachtet wird. In Bezug auf die totale Kationenselektivitat
(die iiber den Ky¢(Na")/Ky (H") Quotient berechnet wurde) zeigt der intakte C-Ring von /.-
tartaricuseine 637 mal hohere Selektivitit fiir H' als fiir Na’. Jedoch variiert die totale Kationen
Bindungsaffinitit in Abhdngigkeit von der lokalen chemischen Umgebung der lIonenbindestelle
(z.B. wenn verschiedene Detergenzien oder organische Losungsmittel fiir die Solubilisierung des
C-Rings verwendet wurden).

Durch Experimente mit den Mutanten G25A-, T67G und Y70F konnten zusitzlich die
verschiedenen Prinzipien untermauert werden, die einer inhirent engen Na'-Bindung an den 1.
tartaricus-c-Ring zugrunde liegen. Die Rolle der atomaren Zusammensetzung wurde im
Zusammenhang mit dem enthalpie-getriebenem thermodynamischen Wirkmechanismus der
Interaktion bestimmt, die fiir den Erhalt einer hohen Na'-Bindungsaffinitit durch den I. tarticus

c-Ring notwendig ist. Um die funktionelle Bedeutung der Amionsdureresten in oder in der Néhe
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der Ionenbindungsstelle des C-Rings der I. tarticus ATP-Synthaseweiter zu charakterisieren,
wurdensowohl die kinetischen Eigenschaften der wildtyp ATP-Synthese, als auch die einer
Auswahl von mutierten ATP-Synthasenin ATP-Hydrolyse- und ATP-Synthesemessungen
bestimmt. Die hierbei verwendeten Proteinewurdenrekombinant in E. Coli Zellen exprimiert und
iiber Metallaffinitdtschromatographie gereinigt.

Des Weiteren wurde die Frage untersucht, wie die Substitution von Aminosdureresten in der
Ionenbindungsstelle des /1. tartaricus c-Rings den Aufbau und die Aktivitit der ATP-Synthase
beeinflusst. Hierfiir wurde zundchst mit Hilfe des ATP-Hydrolyse-Assays gezeigt, dass sich die
mutiertenc-Ringe zu funktionellen gekoppelten ATP-Synthasen assemblieren kdnnen. Im
nichsten Schritt wurde gezeigt, dass die in ETLE-Vesikeln rekonstituiert Wildtyp-ATP-
Synthase, in Abhingigkeit von den angewandten Bedingungen, smf, pmf or Imf zur ATP-
Synthese in der Lage ist. Die Ergebnisse der Experimente mit den Mutanten zeigten, das die
meisten der Mutationen, die in oder nahe der c-Ring-lonenbindungsstelle eingefiihrt wurden
(ndmlich G25A, Y70F, S66A, T67G, S66A/Y70F, E65D, G25S, T67M, T67Q und Q32A/Y70F)
einen Einfluss auf die inhdrente Kationenselektivitit der /. tartaricus ATP-Synthase, hatten,
sodass die ATP- Synthese sowohl iiber Na', als auch iiber einen H'" (aber nicht Li") Gradienten
angetrieben werden konnte. Die zusitzliche H'-Ionen Selektivitit der Na'-Ionen abhingigen
ATP-Synthase wird hauptsdchlich durch die Anwesenheit des ionisierbaren Asp-/Glu-Rests in
der Ionenbindungsstelle des rotierenden c-Rings der ATP-Synthasenvermittelt, was im Rahmen
dieser Arbeit, sowohl an der untersuchten Wildtyp-, als auch den mutierten ATP-Synthasen
beobachtet werden konnte.

Die Raten der pmf-abhingigen ATP-Synthese unterschieden sich zwischen den Mutanten und
korrelierten mit Unterschieden in den pKa-Werten der Glu65-Carboxylgruppe im c-Ring. Die
hoheren pKa-Werte von Glu65 die fiir die c-Ringe mit den Mutationen Q32A-, S66A/Y70F- und
Q32A/Y70F gemessen werden konnten, korrelierten mit hdheren Umsatzraten der pmf-
gesteuerten ATP-Synthese der jeweiligen Mutanten. Im Rahmen der durchgefiihrten
Mutagenesestudie konnten, abgesehen von der Mutation des Glu65-Rests, keine anderen
Mutationenidentifiziert werden, die die pmf-abhéngige ATP-Synthese eingeschriankt haben. Im
Gegensatz dazu wurden im Rahmen dieser Studien insgesamt fiinf Mutationen (E65D, G258,
T67M, T67Q und Q32A/Y70F) identifiziert, die sowohl die smf-, als auch die Imf-abhéngige
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ATP-Synthese der I.-tarticus-ATP-Synthase eingeschridnkt haben. Des Weiteren wurden fiir
Wildtyp- und mutierte ATP-Synthasen die Ky (Na') - Werte iiber die Na'-Hemmung der pmf-
getriebenen ATP-Synthese bestimmt.

In Bezug auf die Na'-Bindungsaffinitit erhdhte sich fiir die Mutanten T67G und G25A der
Kym(Na")-Wert auf bis zu 20 mM im Vergleich zu 1.2 mM beim Wildtyp. Die hoheren Ky (Na')-
Werte korrelierten mit langsameren Umsatzraten der smf getriebenen ATP-Synthese
(synthetisierte ATPs pro Sekunde pro nM Protein) im Fall der ATP-Synthasen mit den
Mutationen S66A, Y70F, G25A, T67G, Q32A und S66A/Y70F.

Die Daten der in dieser Arbeit durchgefiihrten Experimente, zeigen, dass c-Ringe selektiv fiir H'
sind, solange in der Ionenbindungsstelle des c-Rings ein ionisierbarer Glu/Asp-Rest vorhanden
ist. Die H'-Bindungsaffinitit des c-Rings hiingt von der Hydrophobizitit der Reste ab, aus der
die Tonenbindungsstelle aufgebaut ist.Jedoch ist die Zahl der Faktoren, die die Na'-Selektivitit
des C-Rings bestimmen, weitaus groBer. Von den in dieser Arbeit untersuchten Faktoren war die
Zahl der polaren Reste, die Wasserstoftbriicken zu Na bilden, die Co-Koordination von Na"
durch strukturell vorhandene Wassermolekiile und die Anwesenheit von negativ geladenen
Resten besonders wichtig fiir die Bindung der Na'-lonen an den Ring. Die hohe
Bindungsaffinitit des c-Rings fiir Na'-Ionen, wird sowohl durch Wechselwirkungen begiinstigt
die das gebundene Na'-Ion stabilisieren, als auch den gesamten atomaren Aufbau der
Tonenbindestelle, der die enthalpiegetricbene Na'-Bindungan den c-Ring begiinstigen. Im
Rahmen dieser eingehenden Studien konnten zum ersten Mal die thermodynamischen
Eigenschaften aufgekliart werden, die der hohen Na'-Bindungsaffinitdt des c-Rings zugrunde
liegen, sowie der Einfluss von Mutationen auf diese Parameter ermittelt werden. Durch
zahlreiche Experimente mit ATP-Synthasen, die mit mutierten c-Ringen zusammengesetzt
wurden, sollte eine Verbindung zwischen Verinderungen der H'- und der Na'-
Bindungsaffinititen und Unterschiede im Betrieb der ATP-Synthase aufgekliart werden. Die
wichtigste Schlussfolgerung, die sich aus dieser Arbeit ableiten lisst, ist, besteht darin, dass sich
Na'/H"-selektiven ATP-Synthasen durch den Austausch von 1-2 Aminoséureresten innerhalb der
rotierenden c-Ring-Tonenbindungsstelle in ausschlieBlich H'-selektive, vollfunktionelle ATP-

Synthasen umwandeln lassen.
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Introduction

2. Introduction

2.1. Adenosine-5’-triphosphate (ATP) and energy transduction coupled to transmembrane

electrochemical gradient

Adenosine-5"-triphosphate (ATP) is the universal energy currency in cellular processes and the
driver of many biochemical reactions. Therefore, the production of ATP is a chemical reaction of
major importance in living organisms. The biochemical standard free energy (AG) of ATP
hydrolysis to adenosine-5’-diphosphate (ADP) and inorganic phosphate (P;) is -30-60 kJ/mol
depending on reaction conditions (e.g., solvent, salt and pH conditions) (Rosing and Slater 1972,

Junge et al. 2001, Alberty 2003).

ATP + H,O — ADP + P; + AG (30-60 kJ/mol)

The energy stored in the phosphate bond of ATP can be used for a variety of biochemical
reactions to fill any energy need of the cell such as movements of cytoskeletal motor proteins
fuelled by ATP hydrolysis (myosins, dyneins and kinesins) (Kull 2000, Schliwa and Woehlke
2003), muscle contraction (myosin, actin) (Lymn and Taylor 1971, Espindola et al. 1992),
phosphorylation-dephosphorylation of proteins (protein kinases) (Krebs and Fischer 1955,
Roskoski 2015), protein folding (chaperons) (Gething and Sambrook 1992, Buchner 1996),
building and maintenance of ion gradients (ATP synthases), synthesis of new proteins etc. From
this point of view, production of ATP is substantial process for all domains of life. For living
systems, there are two ways to conserve energy in the form of ATP: chemiosmotic coupling via
membrane-integral ATP synthases and substrate-level phosphorylation (Mitchell 1961,
Gottschalk and Thauer 2001).

Most of ATP is synthesized during operation of ATP synthases (Junge 2013) by utilizing energy
via oxidative- or photophosphorylation in energy-transforming membranes of mitochondria,
chloroplasts, and bacteria. Already in early 60s Peter Mitchell proposed membrane-integrated
ATP synthases to play the important bioenergetic role in coupling of membrane electrochemical
potential and synthesis (or hydrolysis) of ATP (Chemiosmotic Theory, (Mitchell 1961)). In 1966

first evidence for chemiosmotic theory was obtained by Jagendorf and Uribe (Jagendorf and
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Uribe 1966), which demonstrated ATP formation by spinach chloroplasts due to acid-base
transition.

The two components that constitute the transmembrane electrochemical potential (Ap) are the
concentration ion gradient (gradient of H™ or Na') and electrical potential (Ay). The
electrochemical gradient of protons, proton-motive force (pmf, expressed in mV) can be written

as:

Apns (pmf) = FAy — 2.3RTApH

Where F is the Faraday constant, R is the gas constant and ApH is the difference in H
concentration across the membrane. For the room temperature, RT (25°C), the equation can be

rewritten as:

Apu+ (pmf) = Ay - S9ApH

The effect of 1pH unit difference between cytoplasm and external medium corresponds to 59 mV
at 25°C. The resulting pmf'is negative for most of the organisms (Konings et al. 2002).

The formula of the electrochemical gradient of Na', sodium-motive force (smf, expressed in mV)
is:

Apna+ (smf) = Ay + 2.3RT/F*log[Na'ia]/[Na" ou]

Ion gradients play an important role in energy storage and the use of ion gradients across
membranes for energy conservation is a universal principle for all living cells. H" and Na" are
the only used coupling ions in energy transduction in the domains of life from Bacteria and
Eukarya. Two important cation (H" or Na')-linked energy processes are the synthesis of ATP by

ATP synthases and active transport by secondary active transporters.
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2.2. Role of ATP synthases

The bioenergetic role of membrane-integrated ATP synthases is energy conversion via coupling
of membrane electrochemical potential of H or Na™ to synthesis (or hydrolysis) of ATP by
rotary operation of FiF, ATP synthase (Mitchell 1961, Duncan et al. 1995, Noji et al. 1997,
Kinosita et al. 1998). Energy-conserving rotary ATP synthases are ubiquitous to all three
domains of life (Bacteria, Archaeca and Eukarya) and are found in the bacterial plasma
membrane, in the thylakoid membrane of chloroplasts and in the inner mitochondrial membrane.
Rotary ATP synthases catalyze ATP synthesis at the expense of the transmembrane electrical ion

gradient according to equation:

ADP + P; + nions,y < ATP + n ions;,

ATP synthases enable ATP synthesis reaction to occur away from equilibrium under cellular
conditions that favor the ATP hydrolysis reaction by a factor of 2 x 10° (Nam et al. 2014).
However, ATP synthases are capable of both, consuming and generating an ion gradient. In ATP
synthesis direction, ATP synthases use the energy stored in electrochemical gradient to
synthesize ATP. In the reverse direction, ATP synthases act as ATP-driven ion pumps to build
up the ion gradient across the membrane. The primary function of the proton-motive force acting
on FF,-ATP synthase is to provide the torque required to rotate the y-subunit in the direction for

ATP synthesis (Itoh et al. 2004, Walker 2013).

2.3. Classification of rotary ATPases

ATP synthases are evolutionally related complexes and are classified by their origin, function
and number of peripheral stalks in the complex into F-, A- and V-type ATPases (Cross and
Muller 2004, Lee et al. 2010). While F- and A-type ATP synthases are rotary ATP synthesizing
enzymes, the V-type ATPases are ATP-driven proton pumps that do not synthesize ATP (Kane
2006, Forgac 2007). Peripheral stalks are present in F-, A-type ATP synthases and V-type
ATPases but their number differs. Bacterial F-type ATP synthases contain only one peripheral

3
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stalk, whereas prokaryotic A/V-type ATP synthases contain two peripheral stalks. Only
eukaryotic V-type ATPase contains three peripheral stalks (Cross and Muller 2004, Muench et
al. 2011).

2.4. Proton-motive force (pmf) coupled bioenergetics

The majority of free-living organisms (as well as mitochondria and plastids) maintain a
transmembrane gradient of H' to convert the free energy released by different chemical
reactions, into electrochemical energy that can be used to sustain a variety of processes, such as
ATP synthesis. Most anaerobic and all aerobic bacteria rely on the transmembrane
electrochemical gradient of H™ (proton-motive force, pmyf) as a source of energy for a variety of
cellular processes. Usually, the H' cycle includes generation of pmf by diverse primary transport
systems (H™ pumps) and its use for ATP synthesis, solute transport, motility, reverse electron
transport, etc. (Skulachev 1991, Skulachev 1992, Harold 1996).
The respiration metabolism is the predominant energy pathway in living cells. This catabolic
process is fundamental to all kingdoms of life (Nicholls 2002). Fewer organisms that lack
respiratory chains rely on glycolysis or fermentation for the production of ATP. The respiratory
chain plays a crucial role for bacteria in translocation of H' across the membrane and
establishing the primary electrochemical gradient of H'. Electron transport systems are located in
the cytoplasmic membrane of numerous species of obligate or facultative aerobic bacteria and
the inner mitochondrial membrane of eukaryotes. The underlying mechanism involves the
coupling of an electron transfer along a chain of redox enzymes to H' translocation across an
organellar membrane in which the redox components are embedded (Mitchell 1961). The
canonical mitochondrial electron transport chain includes:

e complex I (NADH-ubiquinone oxidoreductase),

e complex II (succinate-quinone oxidoreductase),

e complex III (cytochrome bc; complex),

e complex IV (cytochrome ¢ oxidase).

While many organisms have this type of respiratory chain complexes, the composition of the
4
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electron transport chain is not overall conserved, particularly in bacteria and archaea.
Presumably, the great diversity in bacterial and archaeal respiration chains is due to their diverse
metabolic pathways and is critical for the surviving in extreme habitats. Bacteria utilize multiple
electron transport chains, often simultaneously in order to respond to different electron acceptors
and donors available in the environment (Haddock and Schairer, 1973; Anraku, 1988). The
bacterial component of respiratory chain can be highly diversified between organisms, or even
within the same organism depending on growth conditions (Rea et al. 2010). In addition to the
respiratory chain complexes, bacteria can have a number of different dehydrogenases, oxidases
and reductases (as well as a variety of different electron donors and acceptors) that are also
implemented in generation of electrochemical gradient across a membrane (Wada et al. 1999,

Rea et al. 2010).

2.5. Sodium-motive force (smf) coupled bioenergetics

Certain anaerobic bacteria and archaea use Na' instead, or in addition to H' for energy coupling
(Dimroth 1992, Speelmans et al. 1993, Dimroth 1994, Muller et al. 2001). So far, no aerobic
organisms were found to couple energy transduction to smf. Some archaeal species lack
cytochromes and other H -pumping electron transfer chains that can sustain efficient H" cycling.
These archaea have only the Na'-translocating methyltransferase or hydrogenase for membrane
energization and therefore, are proposed to use the Na' potential to drive ATP synthesis (Thauer
et al. 2008, Mayer et al. 2012, Mayer and Muller 2014).

The smf is established by primary Na™ pumps such as decarboxylases, ATPases or Na'-
dependent electron transport complexes or by the action of Na'/H" antiporters which primary use
the pmf (Dimroth 1987, Junge, et al. 2001). Na" cycle includes a primary Na" pump that directly
couples Na' translocation to a chemical reaction. There is only limited number of the Na'-
translocating pumps (Table 2-1). For instance, smf is established by the function of Na'-
translocating methylmalonyl-Coa decarboxylase in case of Propionigenium modestum (Hilpert
and Dimroth 1984, Dimroth et al. 2006, von Ballmoos et al. 2008) and Na'-translocating
ferredoxin:NAD" oxidoreductase (RNF) sets up smf in case of Acetobacterium woodii (Biegel

and Muller 2010, Poehlein et al. 2012).
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Table 2-1: Classes of primary Na' pumps that perform Na® extrusion in bacteria and
P ry pump P

archaea (adapted from (Dibrova et al. 2015))

Na' primary pump

1. Decarboxylases (Dimroth 1980, Hilpert and Dimroth 1983):

Bacteria and archaea: Na'-translocating oxaloacetate decarboxylase (OADC)
Bacteria: Na'-translocating methylmalonyl-CoA decarboxylase

Bacteria: Na'-translocating malonate-CoA decarboxylase

Bacteria: Na'-translocating glutaconyl-CoA decarboxylase

2. Oxidoreductases (Unemoto and Hayashi 1979, Schmehl et al. 1993, Muller et al. 2008,
Verkhovsky and Bogachev 2010):
Bacteria: Na'-translocating NADH:ubiquinone oxidoreductase (NQR)

Bacteria and archaea: Na'-translocating ferredoxin:NAD" oxidoreductase (RNF)

3. Methyltransferases (Becher et al. 1992):
Archaea: Na'-translocating coenzyme M methylase (MTR)

4. Pyrophosphatases (Malinen et al. 2007):

Bacteria: Na'-translocating pyrophosphatase

5. ATPases (Laubinger and Dimroth 1988, Takase et al. 1993, Solioz and Davies 1994,
Dibrova et al. 2010):

Bacteria: Na+—trans10cating F.F, ATPases

Bacteria and archaea: Na'-translocating A/V-type ATPases

Bacteria and archaea: Na'-translocating N-type ATPases
g N-typ

6. Hydrogenases (Gottschalk and Thauer 2001):
Archaea: membrane-bound Na'/H" antiporter modules containing hydrogenase (Mbh)

Archaea: Na'-translocating formylmethanofuran dehydrogenase

7. Light driven ion pumps (Inoue et al. 2013, Yoshizawa et al. 2014):

Bacteria: Na'-translocating rhodopsin, (NaR)

* - The multi-subunit membrane-bound hydrogenase (Mbh) is used in Pyrococcus furiosus to
generate the smf for transport processes and other energy-consuming membrane reactions but
most of the cellular ATP is generated by substrate level phosphorylation during glycolysis (Sapra
et al. 2003).
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2.5.1. SMF in pathogens

There are few reasons to assume that the generation of a Na" gradient is essential for survival of
bacterial parasites (Skulachev 1989, Hase and Barquera 2001):

e Some parasites were shown to encode primary membrane Na" pumps (Hase et al. 2001).
Sequence-based comparison of many human and animal pathogens (e.g. Vibrio cholerae,
Neisseria meningitidis, Salmonella enterica serovar Typhi, Yersinia pestis, Treponema
pallidum, Chlamydia trachomatis and Chlamydia pneumoniae) revealed they encode
primary membrane Na’ pumps, Na'-transporting dicarboxylate decarboxylases or Na'-
translocating NADH:ubiquinone oxidoreductase, and a number of Na'-dependent
permeases.

e The established inwardly directed Na’ electrochemical gradient is supposed to be
widespread and important for number of pathogens (Hase et al. 2001) (Dibrov 2017). Use
of Na" instead of H' is a good virulence factor and therefore, can be essential for survival
of bacterial parasites (Skulachev 1989, Hase, et al. 2001).

e Na' is the most common cation in human extracellular fluids (e.g., blood plasma).

2.5.2. SMF in methanogens

Methanogens are strictly anaerobic organisms found in different anoxic environments (Ferry
2011). To date, methanogens are the only microorganisms known to produce two primary ion
gradients, Na" and H', at the same time (Muller et al. 2005). Moreover, other bioenergetically
crucial membrane proteins in methanogens and acetogens, notably Ech hydrogenase and
respiratory enzyme RNF, are also apparently selective for Na” and H™ (Buckel and Thauer 2013).
Even complex I (NADH dehydrogenase) displays intriguing Na'/H" heterogeneity (Batista et al.
2012).

2.5.3. SMF in the fermenting, anaerobic bacterium Ilyobacter tartarcus

Ilyobacter tartaricus (strain GraTa2) was isolated from canal mud in Venice (Italy) (Schink
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1984) and assigned to the family of Fusobacteriaceae (Krieg and Holt 1984). I. tartaricus is a
marine L-tartrate-fermenting strictly anaerobic gram-negative bacterium. It is non-sporeforming,
has short, straight rods, 1.0 x 1.2-1.2- 2.5 micrometre in size, often in chains, surrounded by

slime capsules and non-motile (Schink 1984), Figure 2-1.

A B

Domain: Bacteria

’ " — Phylum: Fusobacteria
) — Class: Fusobacteriia

."S

‘/ — Order: Fusobacteriales
D = n ‘ — Genera: [lyobacter
U — Species: Ilyobacter tartaricus
o ') o

— Family: Fusobacteriaceae

N

’\
Figure 2-1: Visual characteristic and taxonomic assignment of I tartaricus. (A) Phase

contrast photomicrographs of marine isolate /. tartaricus strain (from (Schink 1984)). (B)
Assignment of I. tartaricus across all taxonomic levels.

Physiological characteristics of I. tartaricus fit this habitat: As anaerobic fermenting bacterium /.
tartaricus lacks an efficient H' cycling system and therefore, energy transduction for I.
tartaricus solely depends on Na” cycling (Neumann, et al. 1998). The Na'-translocating ATP
synthase from /. tartaricus utilizes the smf generated by one of the Na' primary pumps (e.g.,
Na'-translocating oxaloacetate decarboxylase). Indeed, P. modestum from the same
Fusobacteriaceae family uses metylmalonyl-CoA decarboxylase to establish smf (Bott et al.

1997).



Introduction

2.6. Overall organization of rotary ATP synthases

ATP synthase complex in a simplest case of bacterial F-type ATP synthases has a molecular
weight of 550-650 kDa and comprises 8 subunits with a stoichiometry of as:B3:y1:a1:81:ba:€1:C8.15
(Figure 2-2A). The prokaryotic V/A-type ATPases found in archaea and few eubacteria are
larger (~ 700 kDa) and are more complex than F-type ATPases (Muench et al. 2009, Vonck et al.
2009, Lau and Rubinstein 2012). Typically, V/A-type ATPases are composed of 9 subunits in a
stoichiometry of A3;B;CDE,FG/Hsacio.12 (Vonck, et al. 2009, Lee, et al. 2010, Lau and
Rubinstein 2012) (Figure 2-2B). The eukaryotic V-type ATPases contain at least 15 subunits
forming functional complex (Muench, et al. 2009, Stewart et al. 2013), which may be due to the
greater need for regulation in the eukaryotic cell. The additional subunits are mostly located in

the peripheral and central stalks region.

A B
Bacterial F-type Bacterial A/V-type
ATPase/synthase ATPase/synthase

AN

Figure 2-2: Schematic illustration of organization of bacterial rotary ATP synthases (figure
is taken from (Stewart, et al. 2013)). (A) F- and (B) V/A-type ATPases have a related structure
and mechanism (Toei et al. 2010) and both can operate in either directions, synthesising or
hydrolysing ATP. ATP synthases consist and are separable into water-soluble F;/V/A; domain
(upper part) and membrane embedded F,/V,/A, domain, which are connected by one central and
one (F-type) or two (V/A-type) peripheral stalks.
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A soluble ATP synthesising/hydrolysing domain (o3Bsyde for F;) runs on ATP. The trans-
membrane domain (abacg-1s5 for F,) is powered by a gradient of monovalent cations (mostly H',
much more rare Na" and in laboratory conditions Li") (Oster and Wang 1999, von Ballmoos, et
al. 2008, Krah, et al. 2010, Pogoryelov et al. 2010). These two complexes are tightly coupled to
the central stalk for torque transmission and to additional peripheral stalk for counteracting
rotation, stabilization and regulation. Particularly, the e-subunit is essential for F; and F,
assembly (Duncan et al. 2014). The c-ring is in contact with the central stalk of F; formed by yde
subunits (Stock et al. 1999, Dautant et al. 2010).

2.6.1. Structure of catalytic soluble F; domain

Fi-ATPase (a3B3y0¢) is a structural and functional subcomplex of ATP synthase that contains
catalytic centres for ATP synthesis and hydrolysis. John Walker and co-workers described the
first crystal structure of the F; domain from bovine heart mitochondria in 1994 (Abrahams et al.
1994). Several subsequent high-resolution structures of Ficomplexes from bovine and yeast
mitochondria provided a detailed understanding of how ATP is synthesized by the F,F,-ATP
synthase (for example, (Menz et al. 2001, Yasuda et al. 2001, Kabaleeswaran et al. 2009, Rees et
al. 2012)). Later on, the list of available structures was expanded with structure of bacterial F;
from E. coli (EF;-0, depleted of subunit ) (Cingolani and Duncan 2011, Roy et al. 2012). In
addition, the 3.5 A resolution structures of Fi-c-ring complexes from bovine and yeast
mitochondria were solved (Stock, et al. 1999, Watt et al. 2010). All these structures showed a
high overall similarity that allows talking about overall structural organization of the F; complex.
The F; domain is composed of five proteins with a stoichiometry of azB3yde (Figure 2-3). Three
a- and three B-subunits form the core hexagonal subcomplex that is arranged around elongated a-
helical structure of y-subunit. The a- and B-subunits have similar folds consisting of an N-
terminal domain with six B-strands, a central nucleotide binding domain made of both a-helices
and B-strands and an a-helical C-terminal domain containing six o-helices in B-subunits and
seven in a-subunits (Bowler et al. 2007).Subunits yed form the central stalk. The ‘foot” made by
protruding y-subunit attaches the azB3y subcomplex to rotary c-ring embedded in the membrane
(Kayalar et al. 1977, Abrahams, et al. 1994, Walker 2013).
10
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The catalytic nucleotide binding sites are located mainly on the B-subunits, at the interface with
a-subunits. Three additional nucleotide binding sites were located at the other interfaces of af.
However, they are non-catalytic, and all contained adenylyn imidodiphosphate (AMP-PNP) in
3D X-ray structures.

Figure 2-3: Structure of catalytic F; domain from bovine (Figure is taken from (Stock et al.
2000)). (A) Side view of F; complex with o3B3yde subunit composition (9 polypeptide chains)
with pseudo-6-fold-symmetry. Subunits a, B, v, d, and ¢ are shown with red, yellow, dark blue,
green and magenta colours, respectively.

2.6.2. Rotation sub-steps of ATP synthase during catalysis

The rotation of the central stalk (yed) within the core of F; (a3p3) was shown to effect sequential
conformational changes in within the three active sites of B-subunits, that catalyze ATP synthesis
and release. Namely, because of the asymmetry of the y-subunit, the catalytic B-subunits adopt
three different conformations with different nucleotide occupancies each (Bowler, et al. 2007).
Each catalytic site performs ATP hydrolysis in a highly cooperative manner to induce the
unidirectional rotation of the y subunit (Uchihashi et al. 2011). The direction of rotation is

counter clockwise as viewed from the membrane domain of the enzyme (Noji, et al. 1997,
11
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Tsunoda et al. 2001). Most crystal structures trap the three f-subunits in different states: two
closed states and one open state, which correspond to the catalytic dwell (Okuno et al. 2008).
Traditionally, the numbering of B-subunits corresponds to conserved B-y interaction and is based
on mitochondrial nomenclature (MF,): Brp, Be and Ppp conformation states correspond to “tight”,
“empty” and “loose” catalytic sites, respectively, in a binding change mechanism of ATP
hydrolysis and synthesis (Boyer 1993):

o1 = Bpp (closed, ADP + P; bound state; “loose catalytic site)

o 32 = B (open state, no nucleotide bound; “open” catalytic site)

o33 = Brp (closed ATP-bound state; “tight” catalytic site)

The interconversion of catalytic sites during ATP hydrolysis by F;-ATPase is affected by 360°
mechanical rotation of the y-subunit (Boyer 1981, Abrahams, et al. 1994, Noji, et al. 1997,
Kinosita et al. 2000, Weber and Senior 2000, Yoshida et al. 2001, Kinosita et al. 2004).
Sambongi et al. first observed the rotation of purified E. coli FiF, ATP synthase (Sambongi et al.
1999). The rotation of F;-ATPase occurs in steps of 120°, each driven by hydrolysis of one ATP
molecule (Yasuda et al. 1998, Adachi et al. 2000). The rotation of the y-subunit is not
continuous, it proceeds in 90° and 30° substeps (Yasuda, et al. 2001)or 80° and 40° substeps in
other more recent experiments (Hirono-Hara et al. 2001, Shimabukuro et al. 2003, Nishizaka et
al. 2004, Masaike et al. 2008). The 80° substep is triggered by ATP binding and ADP release
that occur on different S-subunits (Nishizaka, et al. 2004, Adachi et al. 2007). The 40° substep is
initiated by ATP hydrolysis and release of inorganic phosphate (P;), which also occurs on
different f-subunits (Shimabukuro, et al. 2003, Adachi, et al. 2007, Watanabe et al. 2008). In
early experiments, the 80° and 40° substeps were found to be triggered by ATP binding and ATP
hydrolysis, respectively (Yasuda, et al. 2001, Shimabukuro, et al. 2003). Therefore, the angles
from which the 80° and 40° substeps begin are referred to as the binding angle and the catalytic
angle, respectively (Arai et al. 2014).

Single-molecule experiments using the bacterial F;-ATPase gave the scheme of the structural
change of the f subunit associated with the nucleotide changes in the binding site (Sambongi, et
al. 1999, Tsunoda et al. 2000, Ueno et al. 2005, Ishmukhametov et al. 2010, Sielaff and Borsch
2013) (Figure 2-4).
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Fig. 2-4: Rotation scheme and arrangement of the a- and B-subunits of the bacterial F-
ATPase for the 360° rotation of the y-subunit (figure was taken and modified from (Ito and
Ikeguchi 2015)). (A) Complete 360° catalytic turnover of ATP hydrolysis by one of the [-
subunits (highlighted in blue) and (B) its 200° rotation angle with description/abbreviations of
the nucleotide states. Individual B subunit completes one turnover of ATP hydrolysis in a turn of
the y-subunit, where the B subunits vary in their catalytic phase by one step of the y-subunit
rotation - 120° (Yasuda, et al. 1998). ATP binds to each B-subunit at the different angles related
to y-subunit (£ 120°). After 200° rotation of y-subunit, the ATP is hydrolyzed by B-subunits into
ADP and P; (Ariga et al. 2007). The release of ADP and P; occurs after additional 40° and 120°
rotations, respectively and is induced by conformational changes of B-subunit (closed — half-
closed nucleotide states) (Nishizaka, et al. 2004, Adachi, et al. 2007, Masaike, et al. 2008,
Watanabe et al. 2010, Okazaki and Hummer 2013). The next round of ATP catalysis starts only
when y-subunit returns to initial angular position. One turnover of ATP hydrolysis includes A