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ABSTRACT 
Structural and Functional Characterization of the V-ATPase Membrane Sector 

Sergio J. Couoh-Cardel, MS. 
 

The vacuolar ATPase (V1VO-ATPase, V-ATPase) is a H+-pump involved in the 

acidification of organelles in eukaryotes. Under certain physiological conditions, the V-

ATPase disassociates into an inactive soluble ATPase sector (V1) and a membrane sector 

(VO) that is impermeable to protons. Due to the lack of detailed structural and functional 

information, the auto-inhibition mechanism of VO is not well understood. Although the 

V-ATPase shares a similar structure and rotary catalysis mechanism with the F- and A-

ATPases, V-ATPase’s increased structural complexity and unique mode of regulation 

suggest other functions beyond its canonical proton pumping.  

We purified Vo and Vo sub-complexes for structural and functional characterization. 

First, our ~18 Å cryo-EM model of Vo suggests that c-ring (c8c’c’’) is partially 

surrounded by the C-terminal membrane integral portion of subunit a (aCT). On the other 

hand, the soluble N-terminal portion of subunit a (aNT) interacts with subunit d that sits 

atop of the c-ring. Selective removal of subunit d (VoDd) did not allow passive proton 

translocation. Second, the c-ring was isolated and its X-ray crystal structure was solved at 

~4 Å resolution. Two c-rings interact to form a gap-junction like structure. The presence 

of c’’ disrupts the intrinsic and global symmetry of the c8c’ sub-complex, constituting a 

kinetic barrier during c-ring axial rotation. Third, we discovered that c-ring can act as a 

large-conductance ion-channel independently from its canonical function in proton 

pumping. Our biophysical, biochemical, and functional data suggest that exquisite kinetic 

barriers play a primary role in the auto-inhibition of Vo, and that Vo may have non-

canonical functions in intercellular communication.
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1. Introduction of chapter 

The required energy to accomplish biological processes in cells involves the universal, 

high energy intermediate, adenosine triphosphate (ATP). ATP breaks down, even in 

solution, into adenosine diphosphate (ADP) and inorganic phosphate (Pi) releasing 7.3 

kcal mol-1. The free energy contained in the g-phosphoanhydride bond is then the 

common energy source to maintain life1-3.  

In vivo, ATP synthesis occurs via substrate and oxidative phosphorylation3. Oxidative 

phosphorylation utilizes the electrochemical gradients generated by the oxidation of 

redox cofactors during metabolism or photosynthesis4. ATP synthesis via oxidative 

phosphorylation is a synchronized process that involves the coupling of a soluble and a 

membrane embedded motor in a sophisticated enzyme called rotary ATP synthase1,2. 

Rotary ATP synthases are reversible enzymes that can also hydrolyze ATP and work as 

ATPases under certain conditions in vivo5. Biochemical, structural, biophysical, 

computational and genetic data have set the basis for understanding in molecular detail 

how ATP is synthetized and hydrolyzed.  

Interestingly, there is a dedicated vacuolar ATPase (V1Vo-ATPase) subfamily that 

disassembles into their auto-inhibited sectors in vivo6-9. The unique reversible 

disassembly mechanism is not well understood due to lack of structural and functional 

information. Similarities between the V1Vo-ATPase and other rotary ATPases have been 

extrapolated to delineate the differences and speculate about the reversible disassembly 

mechanism. Understanding of the auto-inhibition of V1Vo-ATPase will allow us to 

rationally design drugs and ameliorate several vacuolar ATPase-related diseases. 
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1.1. Ion motive force 

There are two metabolic pathways for ATP synthesis; substrate and oxidative 

phosphorylation. Oxidative phosphorylation produces almost all ATP in aerobic cells. 

ATP synthesis requires a proton or sodium motive force (pmf or smf, respectively) 

defined as: pmf = -DµH+/F or smf = -DµNa+/F where F is the Faraday Constant, and DµH+ 

or DµNa+ are the corresponding electrochemical potentials. The electrochemical 

potentials are the result of the electrical (DY) and chemical (DpH or DpNa, respectively) 

gradients across energized membranes represented by the equations: DµH+ = - FDY + 

2.3RTDpH or DµNa+ = - FDY + 2.3RTDpNa. The pmf and smf are generated by 

membrane-embedded pumps that are coupled to cellular metabolism or 

photosynthesis4,10. 

During mitochondrial aerobic respiration, NADH and FADH2 oxidation by the 

respiratory electron transport chain provokes the vectorial transport of H+ across the 

mitochondrial inner membrane and concomitant water formation. Similarly, 

decarboxylation or acetogenesis in anaerobic eubacteria provokes Na+ translocation 

across the plasma membrane. Furthermore, photosynthetic complexes also generate a H+ 

gradient driven by light across thylakoid membranes.4,3,11,10,12,13 

Beside ATP synthesis, pmf or smf can be also utilized for primary active transport and 

cellular motility (bacterial flagella rotation)3. In the opposite scenario, ATP hydrolysis 

would then generate a pmf or smf by increasing the luminal H+ or Na+ concentration and 

activating membrane-embedded electrogenic pumps14.  

There are several drugs that are used as ionophores to build an artificial membrane 

potential in liposomes by electrogenic (valinomycin -K+- and ETD2120 -Na+-) or 
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electroneutral exchange (nigericin -K+/H+-)12. The protonophore family (FCCP, CCCP, 

gramicidin-D, or combination of valinomycin and nigericin) disrupts any H+ gradient 

across membranes15,16. All these drugs work down the electrochemical gradients and have 

been used to determine the contribution of the DY, and the DpH or the DpNa on synthesis 

and hydrolysis of ATP17,18 -see below. 

 

1.2. The rotary ATPase family 

The rotary ATPase family is a group of ubiquitous, large, multi-subunit, membrane-

bound, molecular nanomotors that share a similar structure and rotational catalysis 

mechanism. According to their structure, function, and localization, the rotary ATPase 

family is divided into A1Ao-, F1Fo- and V1Vo-ATPases13,19-25 (Figure I.1). 

 

Recently, a new subfamily has been identified. The N1No-ATPase was found and 

structurally characterized in bacteria. The N1No-ATPase is similar to the F1Fo-ATPase 

and both are expressed simultaneously. It seems feasible that the two rotary ATPases 

could compete simultaneously for the same pmf or might be activated in different pmf 

windows to ensure cell survival26. 

 

Structurally, rotary ATPases are made of a soluble sector (denoted by subscript 1 –

historically referring to Factor 1 or F1) and a membrane-embedded sector (denoted by 

subscript o –historically referring to Factor sensitive to olygomicyn or Fo). All soluble 

sectors have an ATP catalytic heterohexamer where the synthesis or hydrolysis of ATP 

occurs. On the other hand, all membrane sectors contain a proteolipid ring (c-ring) and a 
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subunit a involved in ion (H+ or Na+/Li+) translocation. The soluble sectors (A1, F1, V1, 

and N1) interact with the membrane sectors (Ao, Fo, Vo, and No, respectively) via a 

central stalk and one or more peripheral stalks (one for F1Fo- and N1No-, two for A1Ao-, 

and three for V1Vo-ATPase). An additional collar-like structure is present in V1Vo- and 

A1Ao, but absent in F1Fo-type enzyme. Finally, there is a hydrophilic subunit that sits 

atop the c-ring in V1Vo- and A1Ao that is absent in F1Fo-type enzymes.13,19,23-25,27	 

Functionally, rotary ATPases couple two discrete motors1,2. During ATP synthesis, (i) 

the membrane-embedded motor transforms the pmf or smf into mechanical axial rotation 

of the c-ring whereas (ii) the energy of the mechanical eccentric rotation of the central 

stalk is transformed into chemical energy (ATP from ADP and Pi) on the soluble motor. 

Both motors are linked via their intrinsic rotors (central stalk and c-ring), and the 

functional unit is called “rotor complex”	28. To avoid futile rotation, the rotary ATPases 

have a stator that is made of subunits from both sectors for maintaining the motors in 

position25. During ATP hydrolysis, the free energy contained in the g-phosphoanhydride 

bond drives the opposite rotation of the rotor complex to produce a pmf or smf across 

membranes.  

 

The F1Fo and A1Ao-ATP synthases utilize electrochemical gradients (DµH+ or 

DµNa+) to synthetize ATP. These holoenzymes can revert their ATP-synthesis function 

and act as ATPases in vivo. Contrarily, the V1Vo-ATPase is a dedicated ATPase and does 

not work as an ATP synthase under physiological conditions. The V-ATPase has higher 

structural complexity than its F- and A- counterparts. However, the evolutionary link 
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among rotary ATPase members allows us to extrapolate structural and mechanistic 

information. 

 

1.2.1. The vacuolar ATPase 

The vacuolar ATPase (V1Vo-ATPase, V-ATPase) is a dedicated nanomotor that 

hydrolyzes ATP to pump protons into the lumen of organelles in all cells and the 

extracellular milieu of specialized cells29,30. The enzyme21,24,31 is made of 15 different 

subunits (Su) (Table I.1) in a variable stoichiometry: A3B3CDE3FG3Hac8c’c’’def. 

Subunits in capital case are part of the soluble V1 sector whereas subunits in lower case 

and italics are part of the membrane-embedded Vo sector (Figure I.2). The V1 (~600 

kDa) contains the catalytic alternated A3B3 heterohexamer that partially encloses the 

coiled-coil central stalk formed by the DF heterodimer28. Three EG heterodimers attach 

the catalytic entity to the membrane sector through binding Su.C and Su.H. On the other 

hand, the VO (~250 kDa) is made of an isoform containing c-ring32-35 formed by subunits 

c, c’ and c’’ in a stoichiometry 8:1:1, respectively. The c8c’c’’-ring is partially 

surrounded by the amphipathic Su.a. Su.a has two distinct domains: (i) a membrane 

domain (aCT) that forms two water-filled cavities at the c-ring interface and (ii) an extra-

membrane domain (aNT) that directly interacts with the peripheral stalks, Su.C and Su.H 

in the holoenzyme21,24,36. Yeast V-ATPase contains two organelle specific subunit a 

isoforms37,38: Vph1 (vacuole) and Stv1 (Golgi). Soluble Su.d 39 sits on top of the c-ring 

interacting with the base of the central stalk (DF). The rotor complex is then made of 

DFd(c8c’c’’)21,24,28, with the c-ring being the hydrophobic rotor core (Figure I.3A). Su.e 

and Su.f are attached to aCT opposite from the c-ring40,41.	Recently, the mature assembly 
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factor Voa1p was found inside the c8c’c’’-ring (Roh, Stam, et al, in preparation) (Figure 

I.3B and C).  

The rotational catalysis mechanism is similar among rotary ATPase members25. In 

V1Vo-ATPase, ATP hydrolysis in the three active sites (Su.A) provokes sequential 

conformational changes in the A3B3 heterohexamer. The breathing motion in A3B3 leads 

the eccentric1 and elastic42 rotation of the central stalk (DF28) and concomitant axial 

rotation of the membrane rotor [d(c8c’c’’)] against aCT13. A proton enters via a 

cytoplasmic cavity and interacts with an essential glutamic acid (cE137, c’E145 and 

c’’E108)43,44 on the surface of the c-ring. The essential Glu encapsulates the proton 

allowing c-ring axial rotation and consecutive exposure of a new deprotonated Su.c in the 

cytoplasmic cavity. When the proton completes 360º axial rotation, it gets released via a 

luminal cavity. The unloaded Su.c will be then exposed to the cytoplasmic cavity starting 

over the proton translocation.  

The V1Vo-ATPase is regulated by a unique reversible disassembly mechanism in 

vivo6-8 (Figure I.4). Upon disassembly, ATPase activity in the soluble V1 sector and 

proton translocation in the membrane-embedded VO sector are auto-inhibited9. 

Remarkably, subunit C is released after disassembly and is required for reassembly of the 

holoenzyme9,21. The reversible disassembly mechanism is regulated by energy markers 

(glucose concentration and cellular ATP/ADP ratios), cellular signals (phosphorylation), 

chaperones (RAVE complex), protein composition (Vph1 and Stv1), among others. 6-

8,29,37,38,45 

The V1Vo -ATPase is involved in physiological processes such as cellular pH 

homeostasis, membrane trafficking, protein degradation, bone resorption, sperm 



	 8 

maturation, renal acidification, and neural communication. V1Vo-ATPase dysregulation 

or dysfunction has been related to diseases such as Alzheimer, osteoporosis, 

osteopetrosis, bacterial infection, cancer, diabetes, kidney disorders, and infertility29,30,45-

48. To rationally design drugs and ameliorate vacuolar ATPase-related diseases, we need 

to understand the molecular mechanisms of V-ATPase auto-inhibition. 

This doctoral dissertation focuses on the auto-inhibition of membrane-embedded Vo 

sector. Therefore, molecular details of the ion translocation mechanism among rotary 

ATPases will be presented to highlight the differences that might be involved in the auto-

inhibition of Vo. 

 

1.3. How do rotary ATPase membrane motors work? 

Rotation of the c-ring (rotor) against subunit a (membrane stator)49,50 is influenced by 

four forces1,51,52: central stalk friction, stochastic motions, and electrostatic and dielectric 

forces. However, the main source of energy for c-ring unidirectional rotation in ATP 

synthases is the pmf or the smf	10,53,54. 

 

1.3.1. The hydrophobic core of Subunit a. 

The least complex Su.a corresponds to the bacterial F1Fo-ATPase. Su.a core is an 

evolutionarily conserved structure that interacts with the c-ring (Figure I.5A). Su.a core is 

a bundle of four a-helices that is covalently bound to extra a-helices (+1 in bacterial 

F1Fo-ATP synthase and +4 in A1Ao- and V1Vo-ATPase) in the entire Su.a21,23,27,40,55-58. 

The four-helix bundle is subdivided into two hairpin structures (Figure I.5B). The longest 

hairpin interacts and partially circumferences the c-ring, whereas the short hairpin 
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interacts almost perpendicularly with the hydrophobic face of long hairpin13,58. The 

penultimate C-terminal transmembrane domain (TMD) contains an essential arginine 

directly implicated in ion (H+ or Na+/Li+) translocation. Because this essential arginine is 

found in all rotary ATPase members, it has been denominated ‘strictly conserved 

arginine’ 13,55,58. The arrangement in the Su.a core ensures that the strictly conserved 

arginine will be at the same height as all c-ring ion-binding sites (essential 

carboxylates)13,40,56. The c-ring does not translocate ions by itself 49,59. The reversible 

protonation requires the presence of cavities that expose the essential carboxylates to an 

aqueous environment50,60.  

There are two functional, laterally offset, water-filled cavities at the interface of Su.a 

and the c-ring13,40,58 that are spontaneously generated within lipid bilayers60 (Figure I.5C). 

Conserved hydrophilic residues in the long hairpin point towards the two cavities that 

oppositely penetrate one leaflet of the lipid bilayer55. The deepest, narrow ends of both 

water-filled cavities are in close proximity to the strictly conserved arginine. An ionic 

interaction between the strictly conserved arginine in Su.a and the essential carboxylates 

in the c-ring creates a physical barrier between the two water-filled cavities1,10. This 

interaction produces a local, horizontal gradient that is generated by the global, vertical 

gradient10. Local, horizontal pmf or smf generates an electrical field that will also promote 

the c-ring axial rotation51. The laterally offset disposition and physical barrier guarantee 

that ion translocation would be undoubtedly driven by c-ring axial rotation10,49,50. 

Molecular dynamic simulations (MDS)61, and crystal and cryo-electron microscopy 

(cryo-EM) structures have proposed that the reversible protonation of the c-ring ion-

binding sites is a consequence of local microenvironment changes -described below.  
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V1Vo-ATPase has two organelle-specific Su.a isoforms in yeast (vacuolar-Vph1 and 

Golgi-Stv1)38 and four tissue/organelle-specific Su.a isoforms in mammals (a1, a2, a3 

and a4)30. All V1Vo-ATPase a subunits share a similar structure made of two domains: a 

membrane domain (aCT)36 and an extra-membrane domain (aNT). aCT contains the 

four-helix bundle covalently bound to 4 extra a-helices. aNT sits on top of the c-ring 

contacting Su.H, Su.C and EG heterodimer in the holoenzyme21,24,36, and Su.d in the 

auto-inhibited Vo40,62,63 (Roh, Stam, et al, in preparation) (Figure I.4). It is worth to note 

that F1Fo-ATP synthase aNT (helix 1) is a small amphipathic helix that lies on its Su.a 

core, whereas A1Ao-ATP synthase INT23,64 has a similar topology to V1Vo-ATPase 

aNT21,24,36,40 (Figure I.1). 

 

1.3.2. The proteolipid ring (c-ring) 

1.3.2.1. Topology 

The rotary hydrophobic core of the membrane sectors of all rotary ATPase members is a 

proteolipid ring generically called c-ring. The c-ring contains the essential carboxylates 

(glutamates or aspartates) directly involved in proton translocation. The c-ring is a 

completely60,65 or partially -chapter 4- auto-assembled, non-covalently linked oligomer 

made of several copies of Su.c. The c-rings vary in size and composition among 

organisms, species, organelles, and rotary ATPase members17,22,40,66-76. The least complex 

building block of the c-rings corresponds to the F1Fo-ATP synthase Su.c (Figure I.5A). 

Generically, Su.c is a two TMD hairpin linked by a soluble loop. Su.c ends point to the 

same side of the lipid bilayer, whereas the connecting hydrophilic loops point in opposite 

direction. Most c-rings are made of one Su.c type, such rings are called homooligomeric 
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c-rings (Figure I.6). On the other hand, certain c-rings are made of different subunit c 

isoforms, such c-rings are called heterooligomeric c-rings (Figure I.7). At present, there 

are only four reported heterooligomeric c-rings -discussed below.  

 

Topologically, the c-rings have two major volumes; (i) an exclusively hydrophobic 

volume that is internalized into the acyl-chain layer of the lipid bilayer, and (ii) two 

hydrophilic ends that protrude and contact the hydrophilic head groups of both membrane 

leaflets. Small c-rings have an hourglass shape whereas larger c-rings adopt a cylindrical 

shape. The c-rings have two concentric rings; an inner and an outer (Figure I.5A). The 

inner ring is formed by tightly packed N-terminal a-helices73,77,78 and generates a ‘central 

cavity’ or ‘central pore’ that is filled with lipids59. The outer ring is formed by loosely 

packed C-terminal a-helices. Because C-terminal a-helices are not orthogonal to the N-

terminal a-helices, the hairpins generate the so-called c-ring vortex78 (Figure I.6). The 

essential carboxylates are situated at the same level in the external surface of the outer 

ring (Figure I.5A). Therefore, essential glutamates within the c-ring can be depicted as a 

circumference that we would define as the ‘glutamate plane’. 

Globally, the c-rings have two distinct openings; a wide and a narrow. The lipid 

bilayer patch that resides inside the central pore is constrained to the narrow side forming 

an empty cavity on the wide side. Lipid removal from the central pore does not affect c-

ring stability or structure59,79 -chapter 3 and 4. The cavity in the wide side is where the 

base of the central stalk would sit interacting with the soluble loops and forming of the 

rotor complex22,40,58,74 (dDF [c8c’c’’] for the V1Vo-ATPase24,28, Figure I.3A). In some c-

rings, the narrow side is occupied by proteinaceous entities (A. woodii F/V-ATP synthase 
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c1-H175 -described below- and B. taurus V1Vo-ATPase Ac4519,63). Recently, the mature 

assembly factor Voa1p was identified to reside in the central pore of the S. cerevisiae 

V1Vo-ATPase c8c’c’’-ring contacting the inner ring and the bottom of Su.d (Roh, Stam, et 

al, in preparation) (Figure I.3B and C). 

 

1.3.2.2. Molecular Mechanism 

The c-ring rotates counterclockwise (seen from the catalytic heterohexamer) during ATP 

synthesis, whereas the c-ring rotates clockwise during ATP hydrolysis42,80-82 (Figure I.1). 

The ATP-function of a rotary enzyme is related to the direction of ion (H+ or Na+/Li+) 

translocation hence to its c-ring rotational direction. ATP synthesis is not exclusive for 

homooligomeric c-rings83 nor is ATP hydrolysis exclusive for heterooligomeric c-rings5.  

 

The ion-binding sites (essential carboxylates: Glu/Asp) are on the external surface of 

the outer ring allowing their interaction with the strictly conserved arginine in the 

Su.a13,58 (Figure I.5A). According to the charge and spatial disposition of the essential 

carboxylate, the ion-binding site has two distinct mechanistic conformations61: Open or 

extended, and closed or encapsulated (Figure I.8A). For H+-binding enzymes, the 

carboxylate is deprotonated in the open conformation whereas the carboxylate is 

protonated in the closed conformation. Reversible protonation would generate a rhythmic 

c-ring axial rotation due to the symmetric radial distributed glutamate plane. 

Interestingly, the V1Vo-ATPase contains an asymmetric radial distributed glutamate 

plane -see below.  
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The ion-binding site and proximal residues involved in proton encapsulation compose 

the ion-binding pocket84.	The F1Fo- and the A1Ao-ATP synthases require two c subunits 

to form an inter-subunit ion-binding pocket (Figure I.8B). Interestingly, the V1Vo-

ATPases requires one subunit c to form an intra-subunit ion-binding pocket (Figure I.8C) 

or two c subunits to form the corresponding intra-subunit ion-binding pocket -chapter 4 

and 5. Topologically, the ion-binding pocket is generically made of the ion-binding site 

in a hairpinn and the N-TMD of contiguous hairpinn+1. The hairpin numbering depends on 

c-ring rotational direction.  

 

The reversible protonation of the essential glutamates (H+-binding mechanism) 

implies formation and disruption of a hydrogen-bond network from polar residues, 

backbone carbonyls and water molecules, and Van der Wahls forces from hydrophobic 

residues within the ion-binding pocket (Figure I.8B). On the other hand, Na+-binding 

mechanism involves the direct coordination of charge residues to the sodium ion (Figure 

I.8C)84. Crystal structures have solved both ion-binding pockets. Interestingly, a water 

molecule has been observed the H+-binding pocket raising the question whether the c-

rings translocate hydroniums (H3O+) or protons (H+). The coordination between water 

molecules and protons within crystal structures has been demonstrated to be an artifact 

due to detergent extraction rather than represent a physiological interaction in H+-driven 

ATPases. Indeed, the same fact allows H+/Na+/Li+ diffusion in detergent solubilized c-

ring without the presence of the water-filled cavities61,85. In contrast, Na+-driven ATPases 

do require water molecules or extra-protons to function in vivo because of geometric 
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coordination constraints. Together, the ion-binding pocket’s function is to stabilize the 

carboxylate close conformation allowing its movement inside the lipid bilayer.  

 

Molecular Dynamic Simulations (MDS) using the S. platensis F1Fo-ATP synthase 

c15-ring61 in a lipid environment propose that pKa values of the essential glutamates will 

change depending on microenvironments related to local water concentration (Figure I.9). 

(i) When the protonated ion-binding site is facing the lipid bilayer (hydrophobic 

microenvironment), the glutamate presents a pKa of 27 units endorsing the closed 

conformation and tight proton binding. Thus, the movement of a charged (deprotonated) 

glutamate in the lipid bilayer is energetically penalized. (ii) Once the ion-binding site is 

approaching the water-filled cavity (hydrophilic microenvironment), the glutamate pKa is 

reduced to 13 units forcing the open conformation. (iii) Then, the glutamate pKa is 

further reduced to 4.5 units allowing its protonation or deprotonation depending on the 

horizontal pH gradient that is generated by the vertical pH gradient10. (iv) It was 

estimated that the glutamate pKa would be 1 unit when the ion-binding site interacts with 

the strictly conserved arginine in Su.a. This very low pKa forces the glutamate to move to 

the entry cavity. Changes in microenvironments will generate several rotameric 

conformations of the essential carboxylate during the reversible protonation. However, 

just two of these rotamers (close and open) are the lowest energetic states and have been 

observed in crystal structures (Figure I.8A).  

 

Macroscopically, reversible protonation of an essential carboxylate would provoke 

step-by-step rotation involving Su.c interplay75. During ATP synthesis: (i) a Glu1 would 
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face the entry water-filled cavity and get protonated before moving into the lipid bilayer, 

(ii) a deprotonated (charged) Glu2 will interact with the strictly conserved arginine of 

Su.a, and (iii) an protonated Glu3 will come out from the lipid bilayer to release the 

bound proton and discharge it in the exit water-filled cavity. Subsequently, Glu2 will be 

protonated whereas Glu3 will interact with the strictly conserved arginine; meanwhile, the 

newly exposed Glu4 will be deprotonated. The global effect of this step-by-step 

horizontal motion will provoke the entire c-ring rotation around its central axis10. Under 

these premises, rotational directionality would be primarily driven by the single 

components of pmf or smf 17,51,86.  

c-ring axial rotation can be completely inhibited by the use of non-competitive 

xenobiotics, with their co-crystallization suggested a general mechanism of inhibition. 

Inhibitors will bind the essential carboxylate either covalently (in the open conformation -

DCCD and R207910)85,87,88 or non-covalently (in the closed conformation -oligomycin)89 

to sterically block the carboxylate reversible protonation, rotameric conformations, and 

interaction with the strictly conserved arginine in Su.a60,72. Because c-ring inhibition will 

block both rotational directions, synthesis and hydrolysis of ATP will be simultaneously 

inhibited. V1Vo-ATPase inhibitors (bafilomycin54, concanomycin-A, ossamycin, and 

venturicidin) are suggested to have similar non-covalent mechanism of action. 

 

Taken together, ion translocation in the membrane motor is the consequence of the 

reversible protonation of the essential carboxylates. Local microenvironments shift the 

pKa values of the ion-binding sites provoking changes in the hydrogen bond network or 

coordination geometry of the ion-binding pockets. Step-by-step processes provoke sub-
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step horizontal motion promoting the overall c-ring axial rotation10. The functions of the 

strictly conserved arginine in Su.a are: (i) to stabilize the transitory negative charge of the 

essential carboxylate, (ii) to keep the membrane motor in position, (iii) to separate the 

laterally offset, water-filled cavities and (iv) to generate a horizontal electrochemical 

gradient10.  

 

1.4. Differences among V-like c-rings 

The number of copies of subunit c that oligomerize to form a c-ring is dictated by inner 

a-helix primary sequence73 and not by metabolism86,90,91 or ATP-function (synthesis or 

hydrolysis)92. Glycine concentration within the subunit c N-termini is directly implicated 

in the inner a-helix oligomerization73. Consequently, high inner a-helix glycine 

concentration increases the number of hairpins within the c-rings and the central pore 

diameter. The larger number of hairpins would have three structural consequences84. 

First, the c-ring would be broader enclosing more lipids in the central pore. Second, the 

classical hourglass shape would be modified to a cylindrical shape. Third, the diameter of 

the coordination spheres would be decreased. 

 

At present, several homooligomeric c-rings have been identified ranging from 8 up to 

15 c subunits22,66,68,72-74,76,93-96 (Figure I.6). Only four heterooligomeric c-rings have been 

identified: (A. woodii F/V-ATP synthase c1(c2/3)9-ring75,86,91, S. cerevisiae V1Vo-ATPase 

c8c’c’’-ring35, B. taurus V1Vo-ATPase cxc’’y-ring, and T. brucei F1Fo-ATP synthase 

(c1)x(c2)y(c3)z-ring)5. Subscript x, y, and z represent the unknown stoichiometry. The 

Acetobacterium woodii F/V-ATP synthase c1(c2/3)9-ring is the least complex 
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heterooligomeric ring whereas the S. cerevisiae V1Vo-ATPase c-ring is the most complex 

(Figure I.7). 

  

To establish the framework of this doctoral dissertation, the next section will focus on 

the differences and similarities among three V-like c-rings: (a) S. cerevisiae V1Vo-

ATPase c8c’c’’-ring40, (b) A. woodii F/V-ATP synthase c1(c2/3)9-ring75,86,91 and (c) E. 

hirae A/V -ATPase K10-ring67. 

 

a) The S. cerevisiae V1Vo-ATPase heterodecameric c-ring32-35 is made of c8c’c’’. 

Interestingly, c’ has not been identified in mammals. Subunit c, c’ and c’’ are 

products of the duplication and fusion events of the F1Fo-ATP synthase Su.c97. Yeast 

V1Vo-ATPase subunit c and c’ are made of 4 TMD whereas subunit c’’ is made of 5 

TMD (Figure I.10A). Subunits c and c’ expose their C- and N-termini to the same 

side of the membrane whereas subunit c’’ exposes its N- and C-termini in opposite 

sides of the membrane. Recent cryo-EM data40 showed that the extra N-terminal helix 

(c’’-H1) resides inside the central pore establishing contacts with the mature 

assembly factor Voa1p and the bottom of Su.d (Roh, Stam, et al, in preparation) 

(Figure I.3 and I.11A). Electrophysiological studies have suggested that c’’-H1 is 

dynamic inside the central pore -see chapter 3.  

b) An evolutionary intermediate between F1Fo-ATP synthase and V1Vo-ATPase (so 

called F/V-ATP synthase12 c-ring has been crystallized. A. woodii F/V-ATP synthase 

heterodecameric c1(c2/3)9-ring75 contains three isoforms (c1, c2, and c3)86,91. Two c 

subunits (c2 and c3) are a product of gene duplication that generate the same protein, 
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whereas one subunit (c1) is a product of gene duplication and fusion (Figure I.10B). c2 

and c3 are F-like subunits whereas c1 is a V-like subunit. Subunit c2/3 is a 2 TMD 

hairpin whereas subunit c1 is made of 2 covalently linked hairpins and one 

amphipathic a-helix that lies on c-ring’s narrow hydrophilic protrusion (Figure 

I.11B). Therefore, c1 and c2/3 end point towards the same side of the membrane. 

c) The E. hirae A/V-ATPase homodecameric K10-ring67 is made of 10 copies of Su.K. 

Subunit K is made of 4 TMD and a small hydrophilic a-helix (H0) exposing its C and 

N termini to the same side of the membrane similar to A. woodii c1
75 (Figure I.10C). 

 

All heterooligomeric c-rings identified to date contain one proteolipid that has five a-

helices. The extra N-terminal helix either points towards the central pore, or sits on the 

bottom of the ring or is inserted into the central pore (Figure I.11). Interestingly, deletion 

of the extra helix did not affect assembly or activity in S. cerevisiae V1Vo-ATPase98.  

 

The essential glutamates of S. cerevisiae V1Vo-ATPase c8c’c’’-ring are in Su.c-H4 

(E137), Su.c’-H4 (E145) and Su.c’’-H3 (E108). Consequently, V1Vo-ATPase has a 

particular c-ring with asymmetric radially distributed glutamate plane (Roh, Stam, et al, 

in preparation) (Figure I.11A). Although this disposition was thought to be exclusive for 

ATPase function, the A. woodii F/V-ATP synthase c1(c2/3)9-ring75 presents a similar 

disposition. The essential glutamates in the F/V-ATP synthase c-ring are in Su.c1-H3, 

Su.c2-H2 and Su.c3-H2. Because Su.c1 is made of two covalently bonded hairpins (V-like 

subunit), it also generates an asymmetric glutamate plane (Figure I.11B). The anomalous 

non-glutamate containing hairpin that breaks the symmetric radial distribution in the 
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glutamate plane (glutamate gap) is not related to the unidirectional rotation of the enzyme 

but, perhaps, to pmf or smf sensitivity. In contrast, the essential glutamate in the E. hirae 

A/V-ATPase subunit K is in helix 4 (Su.K-H4). This disposition generates a K10-ring67 

with a symmetrically radially distributed glutamate plane (Figure I.11C) similar to all 

homooligomeric c-rings for F1Fo- and A1Ao-ATP synthase members. 

 

Several characterized Na+/Li+-binding c-rings are SDS resistant oligomers; for 

example, I. tartaricus F1Fo-ATP synthase, P. modestum F1Fo-ATP synthase, and C. 

paradoxum F1Fo-ATP synthase c11-rings68,70,84, and A. woodii F/V-ATP synthase 

c1(c2/3)9-ring75,86,91. Under harsh conditions (such as ionic detergents or heating <80ºC) 

Na+/Li+-binding c-rings have been isolated as units whereas under very harsh conditions 

(autoclaving or TCA treatment69,73,86,91,99) they are fragmented into subunits. Higher 

stability is conferred by intra- and inter-subunit hydrogen bonding, salt bridges, disulfide 

bonds, aromatic stacking, and formation of the Na+/Li+-coordination sphere99. On the 

contrary, H+-binding c-rings are more sensitive and are purified as units under mild 

conditions (non-ionic detergents or heating <40ºC) such as the E. coli F1Fo-ATP synthase 

c10-ring100, S. cerevisiae V1Vo-ATPase c8c’c’’-ring -chapter 2, 3 and 4- and E. hirae 

A/V-ATPase K10-ring67. However, their stability can be increased by crosslinking77,90,101. 

 

2. The H+/ATP ratio 

The H+/ATP ratio describes the activity coupling of the membrane and soluble motors in 

a functional holoenzyme74. The H+/ATP ratio is thermodynamically represented by the 

equation: -nFDµH+ = DGp, where n is the number of moles of ions translocated to 
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phosphorylate one mole of ADP, F is the Faraday constant, DµH+ is the proton 

electrochemical potential, and DGp is the energy to phosphorylate one mole of ADP, 7.3 

kcal mol-1 under standard conditions15. The three catalytic sites in the soluble sector of 

the enzyme sequentially change nucleotide binding affinities driven by or provoking the 

eccentric1, elastic42 rotation of the central stalk in 120º steps. FRET assays102, cryo-EM 

models21,57 and single particle video microscopy42,80-82 have confirmed that the 120º rotor 

complex (Figure I.3A) rotation correlates to the catalytic steps open, tight and loose in the 

catalytic heterohexamer as originally proposed by Paul Boyer. Interestingly, these 

conformational changes in the E. hirae A3B3 catalytic heterohexamer are independent of 

nucleotide content and central stalk presence103. In a holoenzyme, a catalytic revolution 

of the rotor complex (120º x 3=360º) would generate or hydrolyze 3 molecules of ATP. 

Because c-ring is part of the rotor complex, rotational sub-steps of the c-ring 

(proportional to 360º/n where n is the number of ion-binding sites) are coupled to the 

synthesis or the hydrolysis of 3 molecules of ATP21,28,52. The fraction value between 

number of translocated protons (n) and the 3 molecules of ATP might be a consequence 

of slip protons15 or elastic buffering76. However, integer mismatch is not required for 

ATPase function as in S. platensis F1Fo-ATP synthase69 -see below. Together, c-ring 

rotational efficiency to synthetize or hydrolyze 3 molecules of ATP would be then 

represented the H+/ATP ratio.  

 

Several c-rings have been crystallized and the number of ion-binding sites varies from 

8 up to 15 (Figure I.6)22,66-68,72-76,93-96. For example, S. cerevisiae F1Fo-ATP synthase (c10-

ring) would present a H+/ATP = 10/3 = 3.3. Based on c-ring stoichiometry observed to 
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date, H+/ATP ratio varies from 2.7 up to 5 in crystallized c-rings. In eukaryotes, the most 

efficient c-ring belongs to B. taurus mitochondrial F1Fo-ATP synthase (c8-ring74, H+/ATP 

= 2.7) whereas the least efficient c-ring correspond to the P. sativum chloroplast F1Fo-

ATP synthase (c14-ring, H+/ATP = 3.3). In prokaryotes, the least efficient c-ring 

correspond to the S. platensis F1Fo-ATP synthase (c15-ring69, H+/ATP = 5) whereas the 

most efficient c-ring correspond to the E. coli F1Fo-ATP synthase (c10-ring, H+/ATP = 

3.3)15. 

In the case of S. cerevisiae V1Vo-ATPase (c8c’c’’-ring), the ratio is 3.3 such as S. 

cerevisiae F1Fo-ATP synthase (c10-ring). However, considering the duplication and 

fusion events97 of c, c’ and c’’, 20 hairpins would contain 20 ion-binding sites then 

H+/ATP ratio should be 20/3 = 6.7. In other words, S. cerevisiae V1Vo-ATPase H+/ATP 

ratio is half when compared to a F-type ring of a similar size101. There has been 

speculation that the half V1Vo-ATPase H+/ATP ratio would dictate the unidirectional 

rotation for eukaryotic V1Vo-ATPase in vivo. We have evidence -chapter 4 and 5- 

suggesting that this is not the case. 

It is also proposed that low H+/ATP ratio c-rings are more influenced by DpH, 

whereas high H+/ATP ratio c-rings are more influenced by DY10. According to 

mathematical models, ATP-function reversibility for low H+/ATP c-rings would then 

require larger DpH changes51. However, the main source of ATP-function reversibility 

might purely represent a natural selective advantage. ATP-function reversibility has been 

reported in vivo during development stages (T. brucei F1Fo-ATP synthase)5, metabolic 

conditions (A. woodii F/V-ATPase)12 and during membrane potential collapsing as a 

consequence of hypoxia (B. Taurus F1Fo-ATP synthase).  



	 22 

3. ATP-function reversibility and the auto-inhibition of Vo 

To understand ATP- function reversibility, we will first discuss the transition from F1Fo-

ATP synthase into a F1Fo-ATPase. c-ring rotation is driven by pmf or smf. If the pmf or 

smf is zero (electrochemical equilibrium across membrane), c-ring rotation will stop. The 

ion-binding sites facing the acyl-chain layer of the bilayer will remain protonated due to 

energetic penalties whereas the ion-binding sites that are exposed to the water-filled 

cavities will be deprotonated. Finally, a charged glutamate would interact with the strictly 

conserved arginine in Su.a (Figure I.9). In this scenario, the c-ring would be subject to 

stochastic thermal-motions1,51,52. Therefore, the c-ring would slightly rotate back and 

forth until a source of energy (DpH or DY) drives its unidirectional rotation. Higher DµH+ 

across inner mitochondrial membrane would rotate the c-ring counterclockwise (seen 

from F1) to synthetize ATP (Figure I.1). If the oxygen concentration decreases in 

mitochondria, the electron transport chain will stall and the DµH+ will collapse. To 

maintain the vital inner membrane space DµH+, the F1Fo-ATP synthase would then 

reverse its function to work as an ATPase5. Energy generated by ATP hydrolysis will 

rotate the rotor complex28 clockwise and, concomitantly, protons will be translocated 

from mitochondrial matrix to the inner membrane space. This process demonstrates the 

ATP-function reversibility that we can technically define as c-ring rotational reversibility. 

There are two inhibition mechanisms that regulate ATP-function reversibility in the 

F1Fo-ATP synthases: product (ADP) inhibition and by means of inhibitory proteins. 

Inhibitor proteins, for example, link the central stalk to the catalytic heterohexamer, 

thereby stalling the soluble motor. Examples of F1Fo-ATP synthases endogenous 

inhibitor proteins are: IF1, INH1, STF1, and STF2 in eukaryotes27; and e and x in 
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prokaryotes56. However, the F-ATPase inhibitor proteins are outside the scope of this 

doctoral dissertation.  

 

The c-ring rotational reversibility can be studied in vitro by chemically dissociating 

the holoenzymes into their structural sectors. Dissociated membrane sectors (Fo50,104,105, 

Ao80 and bacterial Vo83) act as passive proton channels. The proton translocation can be 

inhibited by non-competitive xenobiotics that sterically block protonation of the essential 

carboxylates -described above. Interestingly, addition of the soluble sector (F1, A1 and 

bacterial V1, respectively) would recouple the holoenzyme, and c-ring axial rotation 

would depend once again on pmf or smf and ATP/ADP ratios60,83,100,105. However, the 

eukaryotic V1Vo-ATPase is an exception in this in-vitro reconstitution. The V1Vo-

ATPase disassembles in vivo6-8. Upon dissociation, ATP activity in the soluble sector and 

the proton translocation in the membrane embedded Vo sector are auto-inhibited. 

Reversible disassembly of eukaryotic V-ATPase is summarized in the following section. 

 

a) Can V1Vo-ATPase reverse ATP-function? The V1Vo-ATPase reversibility has been 

characterized in the bacterial and yeast enzyme. A. woodii F/V-ATPase changes ATP-

function influenced by the DY and not by DpNa in vitro86. On the other hand, S. 

cerevisiae V1Vo-ATPase was able to synthetize very low amounts of ATP in a 

transgenic system53.  

 

b) Is it possible to reconstitute eukaryotic V1Vo-ATPase in vitro? Our laboratory has 

proposed9 that the yeast auto-inhibited V1 and Vo sectors are in different 
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conformational states based on the position of their intrinsic rotors21,40. Therefore, one 

of the physiologically relevant sectors might have to change its conformational state 

to match the counterpart and reassemble. The molecular mechanism for V1 auto-

inhibition is reminiscent of the F1-ATPase auto-inhibition mechanism9,106. 

Remarkably, Vo auto-inhibition is exclusive to eukaryotes and is not well understood. 

There are reports suggesting that B. taurus V1Vo-ATPase reconstitution was achieved 

in vitro using separated pre-purified components of the enzyme. The addition of 

purified Su.H was key107 to achieving reconstitution in the absence of nucleotides, 

changes in pH, presence of chaperones, or additional treatments54. This relevant in 

vitro reconstitution might be related to different V1Vo-ATPase isoforms found in 

mammals.  

 

c) How are structural changes in Vo related to the auto-inhibition of Vo? A comparison 

of cryo-EM models of holoenzyme V1Vo-ATPase21 and auto-inhibited Vo40,62,63 

(Roh, Stam, et al, in preparation), and correlations to other rotary ATPase members 

have unveiled structural differences suggesting that auto-inhibition is a redundant 

mechanism. Vo auto-inhibition might be a consequence of aNT-Su.d interaction63 -

chapter 2-, asymmetric axial distribution of the essential glutamates within the 

c8c’c’’-ring40 (Roh, Stam, et al, in preparation) -chapter 4-, and Su.a:c-ring 

interactions -chapter 5. The potential structural changes that drive auto-inhibition 

could be tested by (i) their ability to act as a passive proton channel in artificial 

energized proteoliposomes31,104,108 -chapter 2-, (ii) site-directed mutagenesis to test 
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their growth in media that correlates to the ATPase function -chapter 4- and (iii) 

vacuole isolation to perform kinetic tests -chapter 5. 

 

d) Can Vo then act as a passive proton pore? There is a debate whether affecting the 

hydrophilic part of the Vo sector (aNT:Su.d) would open the water-filled 

cavities31,108,109 -chapter 2 and 5. Interestingly, it has been proposed that removal of 

Su.d unveils non-canonical functions of the V1Vo-ATPase -chapter 3- rather than 

activates the canonical proton translocation. Moreover, it has been shown that acidic 

pH treatment opened the water-filled cavities in isolated B. taurus V1Vo-ATPase54,107. 

However, the same procedure uncoupled the holoenzyme54.  

 

Taken together, auto-inhibited V1 and Vo do not allow holoenzyme reconstitution in 

vitro. The molecular details of the exclusive Vo auto-inhibition would answer why Vo 

does not act as a passive proton pore31,108 and how reversible assembly occurs in vivo6-8. 

This information would then set an important milestone in the entire rotary ATPase 

family and help to rationally design drugs and ameliorate V-ATPase related diseases.  

 

4. Non-canonical functions of the rotary ATPase family 

There is evidence suggesting that rotary ATPases might be involved in processes beyond 

the canonical coupled synthesis/hydrolysis of ATP and ion translocation. Here, we will 

present a short overview of three non-canonical functions.  
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a) The mitochondrial F1Fo-ATP synthase is the only reported rotary ATPase that can 

form oligomeric species in vivo110-113. The monomeric F1Fo-ATP synthase forms 

dimers via membrane-bound supernumerary subunits27 provoking the plastic 

deformation of the inner mitochondrial membrane. Membrane convex and concave 

deformations would then be minimized by oligomerization of the dimeric form114. 

Cryo-electron tomographic (cryo-ET) reconstructions, Atomic Force Microscopy 

(AFM) and MDS suggest that oligomerization of dimeric F1Fo-ATPase and other 

complexes from the respiratory electron transport chain are the scaffold for cristae re-

shaping during cellular ATP decrements58,114 (Figure I.12A). 

 

b) The mitochondrial permeability transition pore (mPTP) is proposed to be involved in 

apoptosis. There are groups suggesting that mPTP is formed by interactions between 

mitochondrial ADP/ATP transporter (ANT)115 and translocators of the inner and outer 

membrane (TIM/TOM). It was recently hypothesized that dimeric interface of F1Fo-

ATP synthase might form a channel (Figure I.12A)116,117 that promotes mitochondria 

swelling and activation of the mPTP. Other groups have proposed that the F1Fo-

ATPase central stalk would push down to radially expand the c-ring and transform 

the central pore into a large channel (Figure I.12B)118. Interestingly, c-ring has been 

proposed to be a flexible structure prone to deformations76. 

 

c) Electrical studies in yeast vacuoles identified the existence of a large conductance 

channel119. However, the channel identity and function has not been elucidated. There 

has been an exponential number of studies suggesting that the V-ATPase can be 
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involved in spontaneous120 neurotransmitter release121,122 and vacuolar 

fusion29,36,123,124. Some groups have proposed that V1Vo-ATPase c-ring directly forms 

a trans-channel125 in opposite membranes allowing cell-cell communication 

reminiscent to gap-junctions126-131 (Figure I.12C). It is also speculated that aNT 

directly interacts with members of the SNARE machinery64,132,133 (Figure I.12D). 

However, this data has been matter of debate between classical neurobiologists and 

biochemists134-136. Nevertheless, a controlled in vitro system has undoubtedly 

demonstrated that the c-ring can act as a large-conductance ion-channel after an 

artificial action potential was elicited -chapter 3. 

 

5. Summary of chapter 

The V1Vo-ATPase is a dedicated proton pump that disassembles into auto-inhibited V1 

and Vo sectors in vivo. The molecular mechanism for V1 auto-inhibition is reminiscent of 

F1 inhibition mechanism. However, Vo auto-inhibition is an exclusive mechanism for 

eukaryotic V1Vo-ATPase and is not well-understood due to lack of high-resolution 

structural information and controlled functional in vitro and in vivo experiments. 

Biochemical, structural, biophysical, computational, and genetic data for related rotary 

ATP enzymes have allowed us to discern potential differences highlighting the c-ring 

structure. Understanding the unique V1Vo-ATPase reversible dissociation mechanism 

might allow us to rationally design drugs and ameliorate several V-ATPase related 

diseases. Additionally, there is evidence suggesting that V1Vo-ATPase has an expanded 

role in cellular communication beyond its canonical functions. 
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In this doctoral dissertation, we compile the structural information obtained by cryo-

EM, Small Angle X-ray Scattering (SAXS) and electron 2D crystallography for auto-

inhibited Vo -chapter 2- and EM –chapter 3- and X-ray crystallography –chapter 4- for 

V-ATPase c-ring. We tested several hypotheses about the auto-inhibition of Vo under in 

vitro controlled systems: aNT:Su.d interaction by artificially energized proteoliposomes -

chapter 2-, and extensive single molecule electrical recording measurements for c-ring 

and Vo -chapter 3. We increased the complexity in our auto-inhibition model and 

analyzed the effect of intrinsic and global symmetry within the c8c’c’’-ring in vivo -

chapter 4. Finally, an overall description of the present and future of the auto-inhibition 

mechanism of Vo, ion translocation for canonical and non-canonical functions of the Vo, 

and preliminary experiments will be discussed in chapter 5.
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FIGURE I.1. The rotary ATPase family. According to their structure, function and 
localization, the rotary ATPase family is divided into F1Fo-ATP synthases, A1Ao-ATP 
synthase and V1Vo-ATPases. Structurally, rotary ATPase members are made of a soluble 
sector (F1, A1 and V1) that contains the ATP catalytic part of the enzyme, and a membrane 
embedded sector (Fo, Ao and Vo) implicated in proton translocation. The similarities 
among rotary ATPase enzymes are: an ATP catalytic heterohexamer (orange/yellow), a 
central stalk (pink), a proteolipid ring (gray) and a subunit a (dark blue barrel). In contrast, 
1, 2 and 3 peripheral stalks (green) are observed in the F-, A-, and V-type enzymes, 
respectively. There is a long collar-like structure around the V-type central stalk (dark blue 
protrusion, purple and light blue) that is shorter in the A-type (dark blue protrusion) and 
absent in the F-type. Finally, there is an extra subunit (red) that sits atop the c-ring and 
below the central stalk in the A- and V-type, which is absent in the F-type. Functionally, 
the F1Fo- and A1Ao-ATP synthases use an electrochemical gradient to synthetize ATP 
from ADP and inorganic phosphate (Pi). Contrary, the V-ATPase uses the energy from 
ATP hydrolysis to pump protons against the electrochemical gradient. The proteolipid ring 
rotates counterclockwise during ATP synthesis (blue circular arrow) whereas the 
proteolipid ring rotates clockwise during ATP hydrolysis (red circular arrow).
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TABLE I.1. Yeast V-ATPase subunits* 
 

Subunit Molecular Weight (KDa) Gene 

V1 sector 

A 70 VMA1 

B 60 VMA2 

C 40 VMA5 

D 34 VMA8 

E 33 VMA4 

F 14 VMA7 

G 13 VMA10 

H 50 VMA13 
   

Vo sector 

a 100 VPH1 (Vacuole) 
STVI (Golgi) 

c 17 VMA3 

c’ 17 VMA11 

c’’ 21 VMA16 

d 38 VMA6 

e 9 VMA9 

f 9 YPR170W-B 
 
 
* According to Forgac, M30 and Mazhab-Jafari MT, et al 40. 
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FIGURE I.2. The yeast V1Vo-ATPase composition. The yeast V1 sector contains the 
catalytic alternated A3B3 heterohexamer that partially encloses the DF central stalk. Three 
EG heterodimers attach the catalytic entity to the membrane-embedded Vo sector through 
Su.C and Su.H and the extra-membrane part of subunit a (aNT). On the other hand, the 
membrane domain of the amphipathic Su.a (aCT) partially surrounds the proteolipid ring 
(c-ring, c8c’c’’). Soluble Su.d sits atop of the c-ring where it interacts with the base of the 
DF central stalk. Recently, Su.e and Su.f were found binding aCT in an opposite position 
to the c-ring whereas the matured assembly factor Voa1p was found inside the c-ring (see 
Figure I.3). The dimensions of the holoenzyme (red dotted lines) were calculated using 
3J9T.pdb in Chimera. 
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FIGURE I.3. Rotor sub-complex and Voa1p in yeast V1Vo-ATPase. (A) The wide, 
cytoplasmic side of the yeast V1Vo-ATPase c8c’c’’-ring is occupied by the hydrophilic 
subunit d that interacts with the base of the central stalk made of subunit D and F in the 
holoenzyme. This DFd(c8c’c’’) assembly is called the rotor sub-complex and directly links 
ATPase function in the soluble V1 sector and the proton translocation in the membrane 
embedded Vo sector. The c8c’c’’-ring is the hydrophobic rotor core. (B) Side- and (C) top-
view of the c8c’c’’-ring showing the mature assembly factor Voa1p (in green). Voa1p 
interacts with the bottom of subunit d. Colors in the c-ring in panel A and subunit d in 
panels B and C were removed for clarity purposes.
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FIGURE I.4. The V-ATPase regulation. (A) The V-ATPase is regulated by a unique 
reversible disassembly mechanism. Upon dissociation, the ATPase activity in the soluble 
V1 sector and the proton translocation in the membrane-embedded Vo sector are auto-
inhibited. Comparison of the auto-inhibited V1 and Vo against the V1Vo-holoenzyme 
revealed intrinsic structural changes. On the one hand, aNT (dark blue protrusion) contacts 
the EG heterodimer (green) and subunit C (blue) in the holoenzyme (left), whereas aNT 
contacts subunit d (red) in the auto-inhibited Vo (right) -chapter 2. On the other hand, 
subunit H (purple) interacts with aNT in the holoenzyme (left) whereas subunit H contacts 
the catalytic heterohexamer (orange/yellow) in the auto-inhibited V1 (right). Subunit C 
(light blue) is released during disassembly and is required for assembly of the holoenzyme. 
Cellular factors such as energy level (ATP/ADP ratio, glucose concentration), cellular 
signals (phosphorylation) and chaperones (RAVE complex) are involved in the regulation 
of the V-ATPase in vivo. (B) Side- and (C) top-view of the cryo-EM structure of auto-
inhibited Vo sector in same color code as in A.  
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FIGURE I.5. Common features among membrane motors. All rotary ATPase members 
contain a membrane motor made of a proteolipid ring and a subunit a. (A) Ion (H+ or 
Na+/Li+) translocation depends on c-ring axial rotation against the subunit a core. The c-
ring is an oligomer made of multiple copies of subunit c. F-ATPase subunit c is a hairpin 
made of two a-helices linked by a short hydrophilic loop. Subunit c N-terminal (cNT) and 
C-terminal (cCT) point to the same side of the membrane whereas the connecting loops 
point to the opposite side. All cNT are concentric forming an inner ring (light blue) that is 
surrounded by all cCT that are concentric forming the outer ring (dark blue). The interior 
of the inner ring is filled with lipids. The outer ring contains the essential carboxylates 
(D/E) directly implicated in reversible protonation. Subunit a contains a strictly conserved 
arginine that interacts with an essential carboxylate on the c-ring. (B) Subunit a is different 
among rotary ATPase members, organisms, organelles and tissues. However, all a subunits 
contain a hydrophobic core made of one long, horizontal C-terminal hairpin (dark red/red) 
that interacts on one side with the c-ring and one the other side with a perpendicular short 
N-terminal hairpin (yellow/orange). (C) There are two laterally offset, water-filled cavities 
(transparent light blue cones) at the interface of the subunit a core and the outer ring that 
allow proton penetration to the ion-binding sites. During c-ring rotation, some of the helices 
would be exposed to the hydrophilic microenvironment (blue sausages), whereas other 
helices would be facing the lipid membrane (gray sausages). The inner ring was removed 
for clarity purposes -see text for further details.
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FIGURE I.6. Homooligomeric c-rings. F1Fo-ATP synthase homooligomeric rings are 
made of one building block (2 TMDs hairpin) in multiple copies ranging from 8 up to 15 
copies. Although the V1Vo-ATPase K10-ring has 20 hairpins, the K building block is made 
of 4 TMDs and a small extra a-helix (green in the center, see Figure I.10C). All outer and 
inner rings are in dark and light blue, respectively. The dotted lines in the centered c12-ring 
correspond to the c-ring vortex that is a consequence of the offset sagittal arrangement 
between the C- and N- a-helices in each hairpin. The letter and number inside the c-ring 
correspond to the building block name and number of copies, respectively. c-rings were 
isolated from the indicated organisms and their PDB codes are noted below the images.
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FIGURE I.7. Heterooligomeric c-rings. (A) The yeast V-ATPase c8c’c’’-ring is the more 
complex heterooligomeric ring containing three isoforms. Subunit c (blue) is more similar 
to c’ (yellow) than c’’ (red). (B) The bacterial F/V-ATP synthase c1(c2/3)9-ring is an 
evolutionary intermediate containing a 9 copies of a F-like subunit c (c2/3 in blue) and one 
V-like subunit c (c1 in red). Darker and light colors denote the inner and outer rings, 
respectively. Structure in A was determined by cryo-electron microscopy (unpublished) 
whereas the structure in B was determined by X-ray crystallography (4BEM.pdb).  
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FIGURE I.8. Ion-binding sites and pockets. (A) The ion-binding sites correspond to the 
essential glutamates on the surface of the outer ring and are directly implicated in ion 
translocation (H+ or Na+/Li+). According to their protonation state, the essential glutamates 
adopt two functional conformations. A charged glutamate (deprotonated) is in an open 
conformation (left) whereas a neutral glutamate (protonated) is in a closed conformation 
(right). These conformations are stabilized by residues surrounding the essential glutamate. 
(B) The residues in contact with the protonated oxygen of the essential glutamate 
(cGlu62eO) form the hydrogen bond network. (C) The residues coordinating a Na+ that is 
locked by the oxygen of the essential glutamate (KGlu139eO) form the coordination 
sphere. Ion binding pocket (yellow spheres in B and C) refers to all residues stabilizing the 
functional conformations of the ion-binding site. Codes below the a-helices in panels B 
and C correspond to the c-ring building block and the conventional TMD numbering. 
Backbone carbonyls of the red residues in the side-view (B and C left) were removed in 
the top-view for clarity purposes (B and C right).  
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FIGURE I.9. Ion translocation mechanism. The strictly conserved arginine in subunit a 
(red) interacts (asterisk) with a deprotonated essential glutamate in subunit c2 (blue), acting 
as a physical barrier between the two laterally offset, water-filled cavities (light blue 
ellipses). This disposition induces a horizontal proton gradient that is generated by the 
vertical proton gradient (green triangles). Molecular Dynamics Simulations have proposed 
that local microenvironment will modify the pKa values of the essential glutamates during 
c-ring axial rotation. During ATP synthesis, the glutamate in position 1 (exposed in the 
entry cavity) has a pKa = 4.5 that would allow its protonation at acidic pH. The protonated 
glutamate will adopt a close conformation endorsed by the ion-binding pocket (yellow 
sphere) increasing its pKa to 27 units in position 8. Thus, deprotonation will not be allowed 
while rotating in the lipid bilayer (gray sausages from position 8 to 4). Once that the 
protonated glutamate reaches the luminal cavity, its pKa decreases to 4.5 allowing proton 
discharged at low pH in position 3. Finally, the deprotonated glutamate will interact with 
the strictly conserved arginine and drastically decreases its pKa to 1 (position 2). This very 
low pKa and other forces will promote the movement to position 1 starting over the axial 
rotation. The top, dark blue circular arrow denotes the ATP synthesis direction. During 
ATP hydrolysis, the c-ring rotates in opposite direction by a similar mechanism. 
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FIGURE I.10. V-like c-ring subunits. The V-ATPase subunit c is product of the 
duplication and fusion of the F-ATPase subunit c. (A) Yeast heterooligomeric ring contains 
subunit c, c’ and c’’. Subunit c and c’ are made of four transmembrane domains (TMDs) 
whereas c’’ is made of five TMDs. All the essential glutamates (in red spheres) are in the 
C-terminal helix (c-H4, c’-H4 and c’’-H3). (B) The evolutionary intermediate F/V-ATP 
synthase contains a heterooligomeric ring (4BEM.pdb) made of a V-like subunit c1 and a 
F-like subunit c2/3. Subunit c2/3 is made of two TMDs whereas c1 is made of five TMDs. 
Both subunits contain one essential glutamate in the C-terminal a-helix (c1-H3 and c2/3-
H2). (C) The only homooligomeric ring (2BL2.pdb) contains Subunit K that is made of 
four TMDs and a small a-helix (H0). The essential glutamate is in the C-terminal helix 4. 
All V-like rings contain one subunit with at least four TMDs. The heterogeneity in 
glutamate position has a distribution consequence in the entire c-ring structure -see Figure 
I.11.
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FIGURE I.11. V-like c-ring structures. (A) The yeast V-ATPase c8c’c’’-ring is the more 
complex heterooligomeric ring containing three subunit c isoforms. Subunit c (blue) is 
more similar to c’ (yellow) when compared to c’’ (red). The presence of c’’ disrupts the 
asymmetric distribution of the essential glutamates. The black triangle on the right panel 
highlights the offset glutamate in c’’. (B) The c1(c2/3)9-ring (4BEM.pdb) is an evolutionary 
intermediate containing a V-like subunit c (c1 in blue) and 9 copies of a F-like subunit c 
(c2/3 in red). The V-like c1 subunit provokes the asymmetric radial distribution of the 
essential glutamates. The black arrow on the right panel denotes the absence of a glutamate 
in c1-H3 (glutamate gap). (C) The K10-ring (2BL2.pbd) is a homooligomer made of 10 
copies of subunit K. Thus, K10-ring essential glutamates are symmetrically radially 
distributed. 
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FIGURE I.12. Non-canonical functions of the rotary ATPases. There is evidence that 
the rotary ATPases participate in functions beyond the canonical ATP synthesis or 
hydrolysis and concomitant ion translocation. (A) The dimeric F1Fo-ATPase plays an 
important role in cristae formation. It has been also proposed that the F1Fo-ATPase dimeric 
interface (in red/orange) forms a pore that might promote mitochondria swelling and, 
consequently, apoptosis by mPTP activation. (B) Alternatively, the F1-sector would push 
down expanding the c-ring to form a pore and promote apoptosis. (C) The V-ATPase might 
play a role in vacuole fusion and neurotransmitter release by a trans-channel formation via 
its proteolipid ring. (D) Some groups have proposed that aNT might interact with the 
SNARE machinery (in purple) during spontaneous releases. NT, neurotransmitter. 
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ABSTRACT 

The membrane sector (Vo) of the proton pumping vacuolar ATPase (V-ATPase; V1Vo-

ATPase) from Saccharomyces cerevisiae was purified to homogeneity and its structure 

was characterized by electron microscopy (EM) of single molecules and two-dimensional 

(2-D) crystals. Projection images of negatively stained Vo 2-D crystals showed a ring like 

structure with a large asymmetric mass at the periphery of the ring. A cryo EM 

reconstruction of Vo from single particle images showed subunits a and d in close contact 

on the cytoplasmic side of the proton channel. A comparison of 3-D reconstructions of 

free Vo and Vo as part of holo V1Vo revealed that the cytoplasmic N-terminal domain of 

subunit a (aNT) must undergo a large conformational change upon enzyme disassembly 

or (re)assembly from Vo, V1 and subunit C. Isothermal titration calorimetry using 

recombinant subunit d and aNT revealed that the two proteins bind each other with a Kd 

of ~5 µM. Treatment of purified Vo sector with lyso 1-palmitoyl phosphatidylglycerol 

(LPPG) resulted in selective release of subunit d, allowing purification of a VoΔd 

complex. Passive proton translocation assays revealed that both Vo and VoΔd are 

impermeable to protons. We speculate that the structural change in subunit a upon release 

of V1 from Vo during reversible enzyme dissociation plays a role in blocking passive 

proton translocation across free Vo and that the interaction between aNT and d seen in 

free Vo functions to stabilize the Vo sector for efficient reassembly of V1Vo.
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BACKGROUND 

Vacuolar H+-ATPases (V-ATPases; V1Vo-ATPases) are large multi subunit protein 

complexes that are found in the endomembrane system of all eukaryotic organisms where 

they function to acidify the lumen of intracellular organelles1-3. In specialized cells of 

higher eukaryotes, V-ATPases are also found in the plasma membrane, where the enzyme 

is pumping protons into the extracellular milieu1,4. Aberrant V-ATPase function has been 

shown to be associated with numerous widespread human conditions including renal 

tubular acidosis5, sensorineural deafness6, osteoporosis7, diabetes8, microbial9 and viral 

infection10, infertility11 and cancer12. V-ATPase has therefore been deemed a valuable 

drug target13-15, however, lack of detailed structural information has limited the 

application of structure based drug discovery thus far. 

V-ATPase can be divided into an ATP hydrolyzing catalytic headpiece, V1, and a 

membrane embedded proton translocating sector, Vo. The subunit composition of the 

enzyme from the model organism S. cerevisiae is A3B3(C)DE3FG3H for the V1 16 and 

ac8c’c’’de for the Vo 
17,18. Crystal structures of the bacterial V1-ATPase from E. hirae 

show the three A and B subunits arranged in an alternating fashion around a central 

cavity within which are located the N- and C-terminal ends of subunit D19. The proton 

channel is formed at the interface of the ring of the c, c’ and c’’ subunits (“proteolipid” 

ring) and the C-terminal domain of subunit a (aCT)17,20. V-ATPase is a member of the 

family of rotary molecular motor enzymes that, next to V-ATPase, includes F-ATP 

synthase found in bacteria, mitochondria and chloroplasts, archaeal A-ATP synthase and 

bacterial A/V-like ATPase21-23. In eukaryotic V-ATPase, ATP hydrolysis taking place at 

three catalytic sites located at the interface of the A and B subunits on the membrane 
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extrinsic V1 is coupled to proton translocation across the Vo via a central rotor formed by 

the DF heterodimer of the V1 and the subunit d-proteolipid ring sub-complex of the Vo. 

Three peripheral stalks, formed by subunit EG heterodimers, together with the single 

copy H and C subunits form the stator that links the catalytic sector to the membrane 

embedded proton channel via aNT and that functions to withstand the torque generated 

during rotary catalysis (Figure II.1A). However, unlike the related F-, A- and bacterial V-

type motors, eukaryotic vacuolar ATPase is regulated by a reversible disassembly and 

reassembly mechanism that is employed by the organism to modulate the activity of the 

complex in response to e.g. nutrient availability or developmental state24,25. The 

mechanism of reversible disassembly has been extensively studied in the yeast system 

and it is known that V-ATPase dissociation results in a cytoplasmic V1 and a membrane 

bound Vo with the activity of the two sectors silenced26,27 (Figure II.1B). In isolated V1, 

MgATPase activity is silenced by subunit H, possibly together with inhibitory 

MgADP26,28. The mechanism of blocking passive proton translocation across isolated Vo, 

however, is less well understood, in part due to a lack of detailed structural information 

for the eukaryotic V-ATPase membrane sector.  

Previously, we have obtained three dimensional reconstructions of free Vo 29 and 

holo V-ATPase from bovine brain clathrin coated vesicles30 and yeast vacuoles31 and by 

fitting available crystal structures into the EM density, we were able to generate a pseudo 

atomic model of the enzyme from yeast31. Recent intermediate resolution cryo EM 

reconstructions of yeast18,32 and insect33 V-ATPase provided additional structural detail 

and allowed a first view ‘inside’ the membrane sector of the complex.  
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Here we have developed a procedure for purifying yeast Vo sector amenable for 

biochemical and biophysical characterization. Electron microscopy of Vo single particles 

and 2-D crystals showed a ring like structure with additional protein densities at the 

periphery and cytoplasmic side of the ring. A comparison of the structure of free versus 

holo V-ATPase bound Vo revealed that enzyme regulation by reversible disassembly 

involves a large structural rearrangement of aNT from a peripheral position seen in V1Vo 

(where aNT interacts with subunit C and peripheral stator EG2) to a position in free Vo 

where aNT binds subunit d. We speculate that the conformational change in aNT that 

accompanies V-ATPase dissociation plays a role in activity silencing in the isolated Vo 

sector and that the interaction between subunit d and aNT seen only in free Vo stabilizes 

the membrane sector to ensure efficient reassembly of the holo enzyme.
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RESULTS 

Purification of Vo proton channel sector  

To isolate yeast Vo sector for structural and functional studies, we attempted several 

strategies including C- and N-terminal histidine tags fused to subunits d and c’’ as well as 

a tandem affinity purification (TAP) tag fused to the C-terminus of subunit a or c. In the 

end, the best results were obtained using only the second affinity step of the TAP 

procedure where Vo (containing TAP tagged subunit a) is detergent solubilized from 

vacuolar membranes and captured by a calmodulin column by way of the calmodulin 

binding peptide in the tag. To eliminate possible co-purification of (partially) assembled 

V-ATPase, the gene for V1-ATPase subunit B (VMA2) was disrupted. For large scale 

purification of vacuolar ATPase membrane sector, yeast was grown in a 10 l fermenter. 

The yield of Vo sector purified as described in EXPERIMENTAL PROCEDURES was 

approximately 2-3 mg per 150 g cells. Figure II.2 summarizes purification of yeast V-

ATPase Vo sector and characterization of the protein by negative stain transmission 

electron microscopy and small angle X-ray scattering (SAXS). Figure II.2A shows SDS-

PAGE of fractions 1-4 eluted from the calmodulin column. The Coomassie stained gel 

shows bands for subunits a, d, c”, c, c’ and e. Figure II.2B shows SDS-PAGE of the final 

preparation obtained after concentrating fractions 2-4 of the calmodulin column (lane 1, 

10 µg protein loaded) and lane 2 shows SDS-PAGE of holo V-ATPase47 for comparison. 

Mass spectrometry analysis of the subunit a band from SDS-PAGE gels such as shown in 

Figure II.2A and B only produced subunit a derived peptides with no peptides from 

protein A being detected, indicating that the protein A moiety of the TAP tag was lost 

due to proteolytic degradation following cell lysis and detergent extraction of 
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membranes. Loss of protein A was confirmed by immunoblot analysis (using an antibody 

directed against the C-terminal end of the calmodulin binding peptide) that showed that 

the apparent molecular weight of the subunit a band decreased in size from an initial 

~130 kDa at the washed membrane stage to the final ~116 kDa after the elution from the 

calmodulin affinity column (data not shown). ESI/TOF mass spectrometry analysis of 

denatured Vo revealed the presence of proteins with masses of 39,903 Da (subunit d, 

expected 39,791 Da), 16,255 Da (subunit c, expected 16,219 Da) and 8,250 Da (subunit 

e, expected 8,249 Da). The mass differences suggest N-terminal acetylation for subunit c 

and a ~100 Da modification for subunit d. Possibly due to their large size or lower 

abundance, no peaks for subunits a (100,143 Da without protein A), c’ (16,902 Da) and 

c” (22,464 Da) were observed in the deconvoluted charge series (mass spectrometry data 

not shown).   

Figure II.2C shows negative stain transmission electron microscopy (TEM) analysis 

of detergent solubilized Vo. The image shows homogeneously sized particles with a 

diameter of ~10-15 nm, indicating that the preparation contains intact Vo sectors that are 

stable in the detergent used for purification (dodecyl-β-D-maltopyranoside, DDM). 

Furthermore, Guinier plots of small angle X-ray scattering profiles obtained from 

solutions of Vo sector purified in undecyl-β-D-maltoside (UnDM; chosen here for its 

smaller micelle size) showed that the preparation is monodisperse at concentrations up to 

10 mg/ml. The molecular mass of Vo as estimated by SAXS was 544 +/- 33 kDa with a 

calculated radius of gyration (Rg) of approximately 51 +/- 3.5 Å. The expected mass of 

Vo (assuming a subunit ratio of ac8c’c’’de, see next paragraph and DISCUSSION) is 

~320 kDa, resulting in a difference between measured and expected mass of ~244 kDa. 
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Considering the average size of UnDM micelles of 35 kDa (micelle size reported by 

Anatrace) suggests that each Vo sector binds 6-7 detergent micelles. Taken together, the 

data show that highly purified, stable and monodisperse yeast Vo sector can be obtained 

via affinity chromatography using a calmodulin peptide fused to the C-terminus of 

subunit a. 

 

2-D crystallization of yeast Vo sector 

Figure II.3 summarizes TEM analysis of yeast Vo domain 2-D crystals. The 2-D crystals 

were obtained by mixing purified Vo domain at 3 mg/ml with 1 mg/ml 

dioleoylphosphatidtylcholine (DOPC) followed by removal of detergent (DDM) using 

polystyrene beads over a period of 7-10 days. Vo 2-D crystals were visualized by 

negative stain transmission electron microscopy and images showing crystalline areas 

(Figures II.3A and B) with reflections in calculated power spectra extending to the first 

zero of the contrast transfer function (~24 Å; Figures II.3C and D) were processed as 

described in EXPERIMENTAL PROCEDURES. The crystals belong to plane group P1 

with alternating up and down orientation of the molecules as evident from the final 

projection map shown in Figure II.3E. At the current resolution of ~24 Å, the projections 

obtained in negative stain show a ring-like structure with a diameter of 8.5 nm and an 

asymmetric mass at its periphery (see arrow and arrowheads in Figure II.3E, 

respectively). We interpret the ring to represent the proteolipid ring (for comparison, see 

the low pass filtered projection of the E. hirae K10 ring (2bl248) shown in Figure II.3F) 

and the asymmetric mass aCT. As can be seen from panel E and F, both rings are of 

equal size, consistent with the now established number of 10 proteolipids in the yeast 
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enzyme18. Taken together, the data show that detergent solubilized yeast V-ATPase Vo 

sector can be lipid reconstituted and crystallized in two dimensions, thus, opening a path 

for high resolution structure determination of the V-ATPase membrane sector in its 

native environment.  

 

Cryo electron microscopy and 3-D reconstruction 

Figure II.4 summarizes single molecule cryo TEM analysis of detergent solubilized Vo 

sector. Vo was vitrified at a concentration of 2 mg/ml and CCD images were recorded at 

a magnification of 40,000X (Figure II.4A). Three enlarged raw images of particles and 

three averages of aligned projections in the typical ‘side’ and ‘top’ view orientations are 

shown next to the micrograph. A dataset of 12,035 single particle images was used to 

generate a 3-D model starting with projections of the low pass filtered 3-D reconstruction 

of the bovine Vo sector29 as initial references, followed by multiple rounds of projection 

matching refinement. The resolution of the final model (Figure II.4B) was estimated to be 

~18 Å based on the 0.5 Fourier shell correlation criterion using models calculated from 

half data sets (FSC not shown). Yeast Vo sector is composed of a ring of 10 proteolipids 

(likely c8c’c’’, see DISCUSSION section), the 100 kDa a subunit that is equally divided 

into a cytoplasmic aNT and a membrane integral aCT that is bound at the periphery of 

the proteolipid ring, the ~40 kDa d subunit that is bound at the cytoplasmic rim of the 

proteolipid ring (Figure II.4C) and subunit e that is likely bound to aCT49. As there are no 

X-ray crystal structures available for any of the yeast polypeptides, the EM model was 

fitted with crystal structures of the homologous subunits of related bacterial rotary 

ATPases: the K10 ring from E. hirae (2bl248), INT from M. ruber (3rrk50) and the subunit 
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d homolog from T. thermophilus (1r5z51). A comparison to the negative stain 3-D model 

of the bovine Vo 29 revealed an overall similar architecture except for the presence of 

density for Ac45 on the luminal side of the bovine model (a homolog for Ac45 is not 

present in yeast) and the presence of density for the linker (or tether) connecting aNT and 

aCT in the yeast cryo EM model (see Figure II.4C). At the current resolution of ~18 Å, 

the proteolipid ring within the membrane domain is not clearly resolved, likely due to the 

small size of the relatively featureless complex and the lack of internal symmetry. Well 

resolved, however, are aNT and subunit d, which are situated on the cytoplasmic side of 

the membrane.  

 

Comparison of EM reconstructions of isolated Vo and Vo sector as part of holo V-

ATPase 

As can be seen from Figure II.4C, fitting the crystal structures of the bacterial homologs 

of yeast aNT (3rrk50) and subunit d (1r5z51) into the yeast Vo EM density shows an 

interaction of the distal lobe of aNT with the d subunit (see arrow in Figure II.4D, right 

panel), with subunit d binding slightly off center at the edge of the proteolipid ring. 

Interestingly, a comparison with the 3-D reconstruction of holo yeast V-ATPase18,31,32 

(Figure II.4D, left and middle panels) reveals that aNT in the holo enzyme adopts a 

different conformation where aNT’s distal domain is bound to Cfoot (subunit domain 

(nomenclature as in 50 and 52, respectively) and the N-termini of one of the three EG 

heterodimer peripheral stalks (EG2; see arrow in the middle panel of Figure II.4D). In 

line with this observation, we have previously characterized the binding interactions 

between aNT, Cfoot and EG heterodimer and we found that these interactions are of 
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moderate affinity44. Taken together, the comparison of Vo and holo V1Vo suggests that 

aNT undergoes a large conformational rearrangement upon enzyme disassembly, going 

from a conformation in free Vo that binds the d subunit to a more peripheral 

conformation that binds Cfoot and EG2 in holo V1Vo.   

 

In vitro interaction of recombinant subunit d and aNT(1-372)  

To test whether the interaction between aNT and subunit d as seen in the EM 

reconstruction is specific and can be quantified in vitro, we performed isothermal titration 

calorimetry (ITC) experiments with recombinant subunits. For these experiments, subunit 

d and aNT(1-372) were expressed in E. coli as N-terminal fusions with maltose binding 

protein (MBP) and affinity purified on amylose resin. MBP was cleaved and the resulting 

subunits were further purified using ion exchange and size exclusion chromatography. 

Figure II.5A shows SDS-PAGE of aNT(1-372) (lane 1) and subunit d (lane 2). Both 

proteins are stable and highly soluble at pH 7 and while recombinant subunit d elutes 

with an apparent molecular mass of ~42 kDa from a S200 gel filtration column (expected 

40,267 Da), suggesting a globular monomeric protein, aNT(1-372) exists in a concentration 

dependent monomer-dimer equilibrium as already described for the shorter aNT(104-372) 

construct (44 and data not shown). Figure II.5B shows a representative ITC experiment in 

which 375 µM aNT(1-372) was titrated into 25 µM subunit d. As can be seen from the 

titration, complex formation between aNT(1-372) and subunit d was exergonic and fitting 

the data to a one site model revealed an N value of 0.98 (consistent with a 1:1 

stoichiometry of complex formation), a Ka of 2.1·105 +/-  3.5·104 M-1 (Kd ~ 4.8 µM), a 

ΔH of -4.2 +/- 0.22 kcal/mol, a ΔS of 9.7 cal/(K·mol) and a ΔG of -6.9 kcal/mol. After 
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the titration, the ITC cell content was resolved by gel filtration (S200, 16X500 mm) and 

fractions were analyzed by SDS-PAGE (Figure II.5C). As can be seen from the gel, 

aNT(1-372) and subunit d co-elute around fraction 31 (62 ml), corresponding to an apparent 

molecular mass of ~72 kDa (84 kDa expected for aNT(1-372)-d complex; subunit d alone 

elutes at an apparent molecular mass of ~42 kDa, see above). Together, the ITC and gel 

filtration data suggest that subunit d and aNT(1-372) bind each other in a specific manner, 

albeit with moderate affinity.  

 

Preparation and functional analysis of ac8c’c’’e subcomplex (VoΔd) 

In living cells, V-ATPase activity is regulated by reversible dissociation into V1-ATPase 

and membrane integral Vo sectors (Figure II.1B). Upon enzyme dissociation, the activity 

of both V1 and Vo is silenced such that V1 loses the ability to hydrolyze MgATP and Vo 

becomes impermeable to protons. Considering the above described interaction between 

aNT and subunit d seen in free Vo but not V1Vo, we speculated that this interaction may 

contribute to the inhibition of passive proton translocation through isolated Vo by 

blocking rotation of the c-ring past aCT. To assess the role subunit d might be playing in 

blocking proton translocation through isolated Vo, we developed a procedure to 

selectively remove subunit d from Vo to generate the ac8c’c’’e sub-complex (VoΔd). 

Figure II.6A and B shows SDS-PAGE of glycerol density centrifugation of Vo sector in 

presence of the ionic detergent lysophosphatidyl glycerol (LPPG; 1-palmitoyl-2-hydroxy-

sn-glycero -3-[phospho-RAC-(1-glycerol)]) and CHAPS, respectively. As can be seen 

from Figure II.6A, in presence of LPPG, subunit d remains at the top of the gradient 

separated from ac8c’c’’e whereas in CHAPS, subunit d migrates as part of intact Vo. To 
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determine whether removal of subunit d allows passive proton translocation through the 

resulting VoΔd, Vo and VoΔd were reconstituted into liposomes in presence of 

potassium chloride containing buffer. Liposomes were collected by centrifugation and 

subjected to SDS-PAGE and silver staining (Figure II.6C). Vo and VoΔd containing 

liposomes were subjected to a fluorescence based assay to test for passive proton 

conductance. Figure II.6D shows a representative assay for passive proton conductance. 

As can be seen from the figure, both Vo and VoΔd containing liposomes as well as 

control liposomes showed the same slow quenching upon addition of the potassium 

ionophore valinomycin and a sharp drop in the fluorescence signal following addition of 

the protonophore, FCCP that verified presence of a proton gradient. This result indicates 

that removal of subunit d does not alleviate inhibition of proton translocation across the 

Vo, suggesting that the interaction of aNT and subunit d in free Vo is not (solely) 

responsible for activity silencing in the isolated V-ATPase membrane sector.
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DISCUSSION 

Transmembrane proton transport across the vacuolar ATPase Vo sector involves rotation 

of the proteolipid ring past aCT. A major difference between eukaryotic vacuolar ATPase 

and the related F- and A-type motors is the V-ATPase’s mode of regulation, which 

involves dissociation into free ATPase and proton channel sectors triggered by nutrient 

availability or developmental cues (Figure II.1). However, unlike F- and bacterial A/V-

like ATPase ion channels, which when detached from the ATPase catalyze passive 

transmembrane proton transport53,54, eukaryotic Vo sector becomes impermeable to 

protons upon dissociation of the V1, thus preserving any existing proton gradient across 

the organellar membrane55. In case of the F-ATPase ion channel, Fo, it has been shown 

that rotation of the proteolipid ring relative to the a subunit is essential for passive proton 

conductance56 and since the mechanism of ion transport is highly conserved between F- 

and V-type motors, that means that rotation of the proteolipid ring in free Vo appears to 

be blocked by an unknown mechanism. Previously, we had generated an EM 

reconstruction of free Vo sector from bovine brain V-ATPase that suggested an 

interaction between aNT and subunit d, though the linker connecting aNT and aCT was 

not resolved in the negative stain model29. Later, we57 and others34 speculated that the 

interaction between aNT and d may serve to silence passive proton transport by linking 

the motor’s rotor and stator. To address the mechanism of activity silencing as well as 

other aspects of Vo structure and function, we have developed a protocol to isolate mg 

amounts of yeast Vo proton channel sector using affinity chromatography. Biochemical 

experiments show that the complex is stable in low and intermediate CMC detergents 

such as UnDM, DDM and CHAPS, respectively, as evident from glycerol gradient 
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centrifugation. Negative stain and cryo electron microscopy as well as small angle X-ray 

scattering experiments show that detergent solubilized yeast Vo is monodisperse at 

concentrations up to several mg/ml, a prerequisite for structural studies.    

We next used transmission electron microscopy of 2-D crystals and single Vo 

molecules to obtain structural information that may provide clues as to the mechanism of 

activity silencing. Upon reconstitution into DOPC lipid bilayers, we were able to generate 

2-D crystals of the Vo, to our knowledge the first 2-D crystals of any eukaryotic V-

ATPase proton channel sector. Projection maps calculated at a resolution of ~24 Å show 

a ring like structure with an asymmetric mass bound at the periphery of the ring, 

consistent with current structural models obtained for the holo V-ATPase from single 

particle reconstructions18,31-33. While the relatively small size of the crystals obtained thus 

far has limited our ability to use cryo electron crystallography for structural analysis, 

there are several features that are noteworthy at the current resolution: the diameter of the 

ring is with ~8.5 nm virtually identically to the diameter of the K subunit ring of the 

related sodium V-like ATPase from E. hirae (K10; 8.3 nm48). This is consistent with the 

now established stoichiometry of 10 proteolipids for the yeast V-ATPase proteolipid 

ring18, 8 of which are c subunits (Vma3p) with one copy each of c’ (Vma11p) and c’’ 

(Vma16p)17 to give a complex of c8c’c’’. Another observation from the 2-D crystal 

projection is that aCT appears to be organized in two domains of slightly unequal size 

(see arrowheads in Figure II.3E). A recent cryo EM model of another rotary motor 

enzyme, the dimeric F-ATPase from Polytomella mitochondria revealed two almost 

horizontal α helices as part of the Fo-a subunit58. F-ATPase Fo a subunits are predicted to 

contain 5 transmembrane α helices and it is possible that the larger of the two domains 
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observed here for Vo aCT in the 2-D crystals represents the structural and functional 

homologue of Fo a, with the smaller of the two domains representing a part of Vo a that 

is not present in F-ATPase. Almost horizontal transmembrane α helices were also 

observed in a recent cryo EM reconstruction of the holo yeast V-ATPase18, suggesting 

that tilted α helices in the interface between aCT and proteolipid ring is a conserved 

feature in all rotary motor enzymes.   

As the current 2-D crystals are too small to generate a 3-D structural model from 

images of tilted specimen, we used cryo electron microscopy of detergent solubilized 

single Vo sectors to calculate a three dimensional reconstruction of the complex using 

our earlier negative stain 3-D EM reconstruction of the bovine Vo 29 as starting model. 

While the resolution of the here presented yeast Vo reconstruction is limited to about 18 

Å (likely due to the relatively small size of the Vo (~320 kDa), the presence of a 

featureless detergent belt and the lack of overall symmetry), the EM density allows 

placing of crystal structures of equivalent subunits from related bacterial enzymes, 

namely the E. hirae K10 ring48, and aNT and subunit d homologs from M. ruber50 and T. 

thermophilus51, respectively. The resulting pseudo atomic model shows aNT and subunit 

d in close proximity, suggesting that the two polypeptides bind each other in free Vo, 

consistent with what had already been described for the bovine complex29,57. However, 

the here presented cryo EM model of yeast Vo provides more detail by showing the 

tether connecting aNT and aCT that was not resolved in the bovine model29. 

Interestingly, a comparison of EM reconstructions of free Vo and Vo as part of holo V-

ATPase (Figure II.4D) revealed that aNT must undergo a large conformational change 

during regulated enzyme disassembly, from a conformation in holo V-ATPase where 
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aNT’s distal domain binds Cfoot and EG218,31,44 to a conformation in free Vo where aNT 

binds subunit d. As mentioned above, we initially reasoned that the aNT-d interaction 

may play a role in blocking passive proton conductance. However, as summarized in 

Figure II.6, removal of subunit d by the ionic detergent LPPG to produce VoΔd followed 

by proton conductance assays showed no difference in the behavior of the Vo and VoΔd 

complexes. This result suggests that the interaction of d with aNT is not (solely) 

responsible for blocking proton flow across free Vo, consistent with earlier experiments 

by the Forgac laboratory that showed that proteolytic removal of aNT on vacuolar 

vesicles did not render the membrane permeable to protons34. Taken together, this means 

that there must be other (or additional) mechanisms that prevent proton leakage through 

free Vo. As illustrated in Figure II.7, one possibility is that the conformational change in 

aNT upon enzyme dissociation is transmitted to aCT, thereby disrupting the path of 

protons along the interface between aCT and the proteolipid ring. Another mechanism for 

blocking passive proton transport could lie within the structure of the proteolipid ring 

itself. V-ATPase proteolipids have four transmembrane α helices but only one essential 

proton carrying carboxylate59, resulting in a larger distance between proton binding sites 

as compared to F-ATP synthase. The large gap between proton binding sites (see Figure 

II.7) could represent a too high of a barrier to overcome without the driving force from 

ATP hydrolysis, resulting in kinetic inhibition of proton flow from the vacuole into the 

cytoplasm.  

 However, if the aNT-d interaction in free Vo is not involved in blocking passive 

proton translocation, what then, if any, might its physiological role be? It has been shown 

that removing the tether linking aNT and aCT prevents assembly of holo V-ATPase 
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(resulting in free cytoplasmic V1 and vacuolar membrane bound Vo that lacks subunit d), 

a defect that can be partially rescued upon overexpression of subunit d60. This finding 

suggests that the interaction of d with the proteolipid ring is relatively weak and that the 

additional interaction with aNT is needed to increase avidity for d during Vo biogenesis 

and for retaining d upon regulated enzyme disassembly. In line with this model is the 

relatively weak affinity (Kd ~ 5 µM) between aNT and d as measured by ITC using 

recombinant subunits as this interaction must be readily reversible for enzyme 

reassembly. Interestingly, recent studies show that the vacuole specific phosphoinositide 

PI(3,5)P2 plays a role in regulating V-ATPase (re)assembly and that PI(3,5)P2 is able to 

directly bind aNT61. One possibility is that the PI(3,5)P2 head groups compete with 

subunit d for aNT binding, thereby helping to change the conformation of aNT from the 

free Vo state to a more peripheral conformation in preparation for enzyme reassembly.   

Currently, there is no high resolution structure available for an intact membrane 

domain of any of the rotary motor enzymes, and this lack of structural information has 

limited our understanding of the mechanism of ion translocation and activity silencing in 

case of the eukaryotic V-ATPase. The here described protocol allows isolation of highly 

purified and stable Vo, thus paving the way for obtaining a high resolution structure of a 

rotary motor ATPase proton channel sector using crystallographic or single molecule 

techniques. Studies towards that aim are ongoing in our laboratory.



 

 79 

EXPERIMENTAL PROCEDURES 

Reagents. Dodecyl- and undecyl-β-D-maltoside (DDM and UnDM) and 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) were from Anatrace. 

1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)] (LPPG), 

Phosphatidylcholine (PC), Phosphatidic acid (PA) and 1,2-dioleoyl-sn-glycerol-3-

phosphocholine (DOPC) were obtained from Avanti. Calmodulin sepharose beads were 

from GE Healthcare or Agilent and 9-amino-6-chloro-2-methoxyacridine (ACMA) dye 

was from Invitrogen. The anti TAP-tag polyclonal antibody directed against the amino 

acid sequence upstream of the TEV cleavage site was from GenScript. All other reagents 

were of analytical grade.  

 

Yeast strains and growth. Yeast strain YSC1178-7502926 with a tandem affinity 

purification (TAP) tag fused at the C-terminus of subunit a (aTAP) was from Open 

Biosystems. To disrupt the subunit B (Vma2p) gene in YSC1178-7502926, a fragment of 

genomic DNA containing the NAT1 fragment was amplified by PCR from genomic 

DNA of strain BY4741 vma2Δ::nat1, using oligonucleotides vma2-840 5’-GAATCGGC 

TAGAGATTACAAC-3’ and vma2-c4 5‘-CATGTTCTTCGAGACCGGGTTG G-3’. The 

resulting 1.2 kb product was used to transform YSC1178-7502926. Transformed colonies 

were selected on yeast extract (10 g/l), peptone (20 g/l), dextrose (20 g/l) (YPD) plates 

supplemented with 100 µg/ml ClonNat (nourseothricin; Werner BioAgents). Colonies 

were further selected based on their ability to grow on YPD buffered to pH 5.0 but not on 

YPD buffered to pH 7.5 + 60 mM CaCl2. Western blot analysis of whole cell lysates 

using anti TAP and anti subunit B antibodies were performed to confirm the presence and 
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absence of aTAP and subunit B, respectively. The resulting strain was grown in YPD 

supplemented with 50 mM KH2PO4 and 50 mM succinic acid, pH 5. For large scale 

biomass production, cells from 8-10 l of flask culture (OD600 ~ 7) were collected by 

centrifugation, transferred to a 10 l fermenter and grown to the second diauxic log phase. 

Cells were harvested by centrifugation, washed once with distilled water and stored at -80 

ºC until use. Final cell weight was 8-10 g/l culture. 

 

Isolation of membranes. All steps were performed at 4 ºC unless otherwise noted. Cells 

were resuspended in lysis buffer (20 mM TRIS-HCl, 150 mM NaCl, pH 7.4 (TBS) 

supplemented with 8% sucrose, 2% sorbitol  and 2% glucose) and an inhibitor cocktail 

was added to a final concentration of 2 µg/ml leupeptin, 2 µg/ml pepstatin A, 0.5 µg/ml 

chymostatin and 1 mM PMSF. 1 mM EDTA was added before disrupting cells in a 

homemade bead beater using 0.5 mm Zirconia beads (BioSpec) keeping the temperature 

below 14 ºC inside the chamber. Cell debris was removed by low speed centrifugation 

(1200 X g, 10 min) and crude membranes were collected by ultracentrifugation at 

130,000 X g for 1 hour and washed once in lysis buffer. The final membrane pellet was 

resuspended in presence of above inhibitor cocktail. Protein concentration was measured 

and membranes were frozen at -80 ºC until use. 

 

Vo purification. Isolated membranes were diluted to a final concentration of 10 mg/ml in 

lysis buffer and inhibitor cocktail was added. Extraction was carried out by adding 

dodecyl-β-D-maltopyranoside (DDM) from a 20% stock solution in water to a final 

concentration of 2 mg of detergent per mg of protein followed by gentle stirring for 1 
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hour. Extracted membranes were cleared by ultracentrifugation at 106,000 X g for 1h and 

the pellet was discarded. The supernatant was carefully collected, avoiding the upper 

lipid layer, and CaCl2 was added to a final concentration of 4 mM. The mixture was 

incubated with 4 ml of Calmodulin beads for 1 hour at 4 ºC under gentle agitation. The 

beads were collected in a chromatography column and washed with 20 column volumes 

10 mM TRIS-HCl, pH 8, 10 mM β-mercaptoethanol (BME), 2 mM CaCl2, 0.1% DDM, 

150 mM NaCl and 20 column volumes of the same buffer without NaCl. The column was 

eluted with 10 mM TRIS-HCl, pH 8, 10 mM BME, 0.5 mM EGTA, 0.1% DDM. 

Fractions were analyzed by 13% SDS-PAGE and fractions containing Vo were pooled 

and concentrated in a 100 kDa Vivaspin concentrator (Sartorius Stedim Biotech).  

 

Glycerol gradient centrifugation and removal of subunit d. 1 mg of purified Vo was 

applied to the top of a discontinuous glycerol gradient (15-35% (v/v), 10 mM TRIS-HCl, 

pH 8, 10 mM BME, 0.5 mM EGTA, 0.01% phosphatidyl choline:phosphatidic acid 

(PC:PA 19:1) and centrifuged at 200,000 X g for 16 h at 4 ºC. For removal of subunit d, 

0.05 % 1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)] (LPPG) was 

included in the gradient. Otherwise, 0.5 % CHAPS was used. Fractions were collected 

from the bottom and analyzed by SDS-PAGE.  

 

Reconstitution in liposomes. 200 µg of Vo (in CHAPS) or subunit d depleted Vo (VoΔd) 

(in LPPG) was mixed with 15 mg of PC:PA (19:1 v/v) and adjusted with CHAPS to 6%. 

In some experiments, 9% ergosterol was included in the reconstitution mix. Samples 

were applied to a Sephadex G50 column (50 cm x 1.6 cm) and eluted with high-
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potassium buffer (20 mM HEPES, pH 7, 2 mM BME, 0.2 mM EGTA, 10% glycerol, 100 

mM K2SO4 and 0.5 mg/ml fatty acid free BSA) at a flow rate of 0.5 ml/min. The eluate 

was collected in 1 ml fractions and turbid fractions were analyzed by 13% SDS-PAGE 

and silver staining. 

 

Passive proton translocation assay. Proton translocation assays were performed as 

described by Qi and Forgac34. Briefly, assays were conducted in a 3 ml cuvette. 30 µl of 

each fraction were pre-incubated in high-sodium buffer (20 mM HEPES, pH 7, 2 mM 

BME, 0.2 mM EGTA, 10% glycerol, 150 mM NaCl and 0.5 mg/ml fatty acid free BSA) 

for 5 min at 30 ºC in presence of 2 µM 9-amino-6-chloro-2-methoxyacridine (ACMA). 

After 300 s incubation, the process was started by addition of 1 µM valinomycin, 

followed by 1 µM carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazone (FCCP). 

Different fractions were probed after 1, 4 and 10 days. Six independent preparations of 

Vo and VoDd were analyzed.  

 

Flotation assays. To verify lipid vesicle reconstitution of Vo and VoDd, fractions from 

the G50 column (Fraction 29 for Vo and Fraction 28 for VoDd) were adjusted with 

sucrose to 53% and placed in the bottom of an 11 ml tube. A sucrose step gradient (40, 20 

and 0% (w/v) in 20 mM HEPES, pH7, 2 mM BME, 0.2 mM EGTA, 10% glycerol, 150 

mM NaCl) was layered on top of the Vo sample and centrifuged at 200,000 X g for 16 

hours at 4 ºC. Fractions were collected from the top of the tube and analyzed by 13% 

SDS-PAGE and silver staining. 
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Mass spectrometry of Vo subunits. Vo sector was precipitated with 1% trichloroacetic 

acid and the centrifuged pellet was washed with water. The pellet was extracted with a 

1:1 mixture of water and trifluoroethanol and the soluble fraction was analyzed by 

electrospray ionization mass spectrometry using a Q-TOF Micro mass spectrometer 

(Waters, Inc.) in positive ion mode. Charge envelopes between 800-2,500 m/z were 

deconvoluted using MaxEnt2 as implemented in MassLynx4.1. Calibration of the 

instrument was carried out with phosphoric acid and sodium/cesium iodide. Analysis of 

gel bands by peptide sequencing was done at Upstate Medical University’s mass 

spectrometry core facility using a Thermo LTQ Orbitrap mass spectrometer.   

 

Small angle X-ray scattering analysis. Small angle X-ray scattering (SAXS) data were 

collected at the Cornell High Energy Synchrotron Source (MacCHESS) F2 beam line 

operating at a wavelength of 1.2524 Å at 4 °C. For SAXS data collection, Vo was 

purified using undecyl-β-D-maltoside (UnDM) instead of DDM. Vo was diluted into 10 

mM TRIS-HCl, pH 8, 10 mM BME, 0.5 mM EGTA, 0.05% UnDM to 1, 2, 4, 6,8 and 10 

mg/ml. 30 µl samples were exposed twice for 180 s without obvious decay in signal. 

Signal averaging, buffer subtraction and Guinier analysis were done in Bioxtas RAW35. 

Molecular weight was estimated using lysozyme as standard. Thirty data points were 

used for Guinier analysis for each tested concentration (qRg was ~1.1 in all cases).   

 

2-D crystallization and EM analysis. Purified Vo was diluted to 3 mg/ml in 10 mM 

TRIS-HCl, pH 6.5, 10 mM BME, 0.5 mM EGTA, 10% glycerol, 1 mM DTT and 

sonicated 1,2-dioleoyl-sn-glycerol-3-phosphocholine (DOPC) was added to reach a lipid 
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to protein ratio (LPR) of 0.3 (w/w). After 24 h, detergent was removed by stepwise 

addition (every 3 days) of equal amounts of polystyrene beads (Bio Beads SM2, BioRad) 

for a total of 10 days so that the final ratio of beads to liquid was ~1:1. Samples were kept 

at 4 ºC and 1 mM sodium azide was added to inhibit bacterial growth. Vo 2-D crystals 

were spotted on glow discharge treated carbon coated copper grids and stained with 1% 

uranyl acetate. Micrographs were recorded on a 4096X4096 charge coupled device 

(TVIPS F415MP) at 20,000 - 40,000X electron optical magnification and an underfocus 

of 1.5 µm. The quality of crystalline areas was assessed from calculated power spectra 

and areas showing isotropic reflections to ~20 Å resolution were excised and analyzed 

with the 2dx package of programs36 and/or by correlation averaging as implemented in 

IMAGIC 537,38.     

 

Cryo EM and Single Particle Image Analysis. Solubilized Vo sector was vitrified at 1-2 

mg/ml on glow discharged holey carbon coated copper grids (C-flat 2/2 µm). Grids were 

mounted in a Gatan 626 cryo holder and imaged in a JEOL JEM-2100 transmission 

electron microscope operating at 120 kV. Micrographs were recorded on a 4096X4096 

charge coupled device (TVIPS F415MP) at an electron optical magnification of 40,000 X 

and an underfocus of between 1.5 - 2.5 µm. The calibrated pixel size on the specimen 

level was 2.62 Å. A total of 12,035 particles were extracted as 144X144 pixel images 

using the ‘boxer’ program of the EMAN1.9 software package39. The dataset was CTF 

corrected using ‘ctfit’ as implemented in EMAN1.9. All subsequent image analysis was 

done with the IMAGIC 5 package of programs37. Images were bandpass filtered to 

remove low (<6.4x10-3 Å-1) and high (>0.15 Å-1) spatial frequencies and a soft edge 
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circular mask was applied before subjecting the images to reference free alignment40. 

Averages from the reference free alignment were then used in subsequent multi reference 

alignment (MRA) and the MRA was iterated to obtain averages of the most abundant 

projections. Three dimensional reconstruction was initiated by one round of projection 

matching using the low pass filtered 3-D reconstruction of the bovine V-ATPase 

membrane sector29 as a reference model. Since the bovine Vo sector subunit Ac45 is not 

found in yeast Vo, the density corresponding to Ac45 was removed with the volume 

eraser tool as implemented in the visualization software Chimera41. Cycles of projection 

matching alignment and 3-D reconstruction were iterated with increasing numbers of 

references until no further improvement was observed. The resolution of the final model 

was estimated using the 0.5 Fourier shell correlation criterion42. The final EM density 

was manually fitted with crystal structures of bacterial homologs for the yeast Vo 

subunits including the aNT homolog from M. ruber (INT; 3rrk), the subunit d homolog 

from T. thermophilus (subunit C; 1r5z) and the c subunit ring homolog from E. hirae 

(K10; 2bl2). While the primary sequence conservation between the yeast and bacterial 

subunits is limited (11, 16 and 26% for aNT and INT, d and C and c and K, respectively), 

their secondary and tertiary structure is highly conserved as evidenced by the fact that the 

yeast subunit structures can be modeled based on the bacterial A/V-ATPase subunit 

crystal structures using the Phyre2 server43 with 100% confidence.     

 

Expression and purification of aNT(1-372) and subunit d. Plasmid pRS316 containing the 

open reading frame for subunit d (Vma6p) was as a gift from the laboratory of Dr. Karlett 

Parra, University of New Mexico. The coding sequence for subunit d was PCR amplified 
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using primers fwd-GCTCAGGT ACCGATGGAAGGCGTGTATTTCAATATT and rev-

CGAGTCCTGCAGTCAATCAATAAACG GAAATATAATT, and the resulting PCR 

product was ligated into pGEM T-easy. Subsequent cloning of the subunit d coding 

sequence into a modified plasmid pMAL-c2e (New England Biolabs; enterokinase 

cleavage site replaced by human rhinovirus 3C site) for bacterial protein expression was 

done by BioBasic, Inc (Markham, Ontario). The resulting construct consisted of subunit d 

with an N-terminal fusion of maltose binding protein (MBP) separated by a protease 

cleavage site (human rhinovirus 3C protease) for removal of MBP. pMAL-c2E harboring 

MBP-subunit d was expressed in E. coli strain Rosetta2. Cells were grown in rich broth 

(RB; Lennox broth plus 0.2% glucose) to an OD600 of 0.6 and induced with 500 µM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 hours at 37 ºC. Purification was 

done following the recommended protocol for maltose-binding protein (MBP) tagged 

proteins (New England Biolabs). The PreScission Protease (GE Healthcare) cleaved 

fusion was dialyzed against 25 mM TRIS-HCl, 1 mM EDTA, 1 mM TCEP, pH 7 

followed by anion exchange chromatography on a 1 ml mono Q sepharose column 

attached to an AKTA FPLC (GE Life Sciences). Under these buffer conditions, subunit d 

bound to the column and was eluted using a 0-500 mM sodium chloride gradient in the 

same buffer. Protein containing fractions were pooled, concentrated to 1-2 ml and 

subjected to size exclusion chromatography over Superdex S75 (16 x 500 mm). An 

expression construct for the N-terminal domain of subunit a (Vph1p) consisting of 

residues 1-372 (aNT(1-372)) was generated as described in reference44. The cleavable MBP 

tag resulted in an N-terminal extension for both subunit d and aNT(1-372) constructs with 

the amino acid sequence Gly-Pro-Lys-Val-Pro. Constructs were confirmed by DNA 
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sequencing. A detailed biochemical and biophysical characterization of recombinant 

subunit d and a1-372 will be presented elsewhere.  

 

Isothermal titration calorimetry (ITC). ITC measurements of the interaction of aNT(1-372) 

with subunit d using a Microcal VP-ITC isothermal titration calorimeter were done as 

described in references44,45 with the following modifications. Prior to the titration, both 

proteins were dialyzed (in the same container) against 2 l 25 mM TRIS-HCl, pH 7, 0.5 

mM EDTA, 1 mM TCEP. aNT(1-372) was concentrated to 375 µM and titrated into 25 µM 

subunit d at 10 ºC using a total of 30 injections with 10.7% saturation per injection. A 

heat of dilution titration of 375 µM aNT(1-372) into dialysis buffer was subtracted from the 

aNT(1-372) into subunit d titration. A second titration was carried out with 320 µM aNT(1-

372) in the syringe using again 25 µM subunit d in the ITC cell. Both titrations produced 

very similar results. Protein concentrations were determined from A280 using calculated 

extinction coefficients. ITC data were fitted to a one site model using the VP-ITC 

programs in Originlab.  

 

Other methods. Membrane protein concentrations were measured by the bicinchoninic 

acid (BCA) method (Thermo Scientific) and improved by TCA precipitation as in Lowry-

TCA46 using fatty acid free BSA as standard. 
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Footnotes 

 

*This work was supported by NIH grant GM058600 to S.W. 

 

1The abbreviations used are: EM, electron microscopy; V1, soluble sector of the vacuolar 

ATPase; Vo, membrane bound sector of the vacuolar ATPase; Cfoot, foot domain of yeast 

V-ATPase subunit C; Chead, head domain of yeast V-ATPase subunit C; aNT, N-terminal 

domain of V-ATPase subunit a; aCT, C-terminal domain of V-ATPase subunit a. DDM, 

dodecyl-β-D-maltopyranoside; UnDM, undecyl-β-D-maltopyranoside; LPPG, 1-

palmitoyl-2-hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)]; CHAPS, 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate; DOPC, 1,2-dioleoyl-sn-

glycerol-3-phosphocholine; ACMA, 9-amino-6-chloro-2-methoxyacridine; BME, β-

mercaptoethanol; TAP, tandem affinity purification; YPD, yeast extract, peptone, 

dextrose; TBS, tris buffered saline; PMSF, phenylmethylsulfonyl fluoride; FCCP, 

carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; SAXS, small angle X-ray 

scattering; ITC, isothermal titration calorimetry; IPTG, isopropyl β-D-1-

thiogalactopyranoside. 

 

The 3-D cryo EM reconstruction has been deposited at the EMDB with accession number 

EMD-2975.
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FIGURE II.1. Yeast V-ATPase subunit architecture and regulation by reversible 
disassembly. A, Schematic of yeast V-ATPase subunit architecture. B, V-ATPase is 
regulated by nutrient dependent reversible disassembly resulting in V1 and Vo sectors that 
have no MgATPase and passive proton translocation activity, respectively. Rotor is in 
green, stator in red/orange, catalytic core in cyan/blue and subunit H in purple.
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FIGURE II.2. Purification of yeast V-ATPase Vo domain. Yeast Vo is purified by way 
of a calmodulin binding peptide (CBP) tag fused to the C-terminus of subunit a (Vph1p) 
using a yeast strain deleted for subunit B (vma2Δ). The yield of Vo sector is approximately 
2-3 mg per 150 g cells. A, SDS-PAGE of fractions 1-4 eluted from the calmodulin affinity 
column (10 µl loaded). B, Vo containing fractions were pooled and concentrated and 10 
µg was resolved on SDS-PAGE and stained with Coomassie blue (lane 1). For comparison, 
lane 2 shows SDS-PAGE of V1Vo holo enzyme (modified from ref. (47)). C, Transmission 
electron microscopy of Vo spotted onto glow discharged carbon coated copper grids at 20 
µg/ml and stained with 1% uranyl acetate. D, Small angle X-ray scattering (SAXS) analysis 
of Vo sector at concentrations between 1-10 mg/ml in undecylmaltoside containing buffer. 
E, Guinier analysis of the scattering profiles shown in D. The calculated radius of gyration 
(Rg) is 51 +/- 3.5 Å. The TEM image and SAXS data show that the preparation is 
homogenous and monodisperse at a concentration of up to 10 mg/ml.
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FIGURE II.3. Electron crystallography of yeast Vo sector 2-D crystals. The 2-D 
crystals were obtained by mixing purified Vo at 3 mg/ml with 1 mg/ml dioleoyl 
phosphatidtylcholine (DOPC) with subsequent removal of detergent (DDM) with 
polystyrene beads. A, Overview of large, single layer sheet of reconstituted Vo containing 
several crystalline domains. Negatively stained with 1% uranyl acetate. B, Larger view of 
a crystalline area with power spectrum shown in panel C. D, IQ plot after unbending using 
the 2dx package of programs36. E, Projection map with unit cell outlined by the rectangle. 
The cell dimensions are 101 x 236 Å with two molecules per cell. The crystals belong to 
plane group P1 with alternating up and down orientation of the molecules. At the current 
resolution of ~24 Å, the projections obtained in negative stain show a ring-like structure 
(see arrow in panel E) with a two domain asymmetric mass at the periphery (see 
arrowheads). We interpret the ring to represent the proteolipid ring and the asymmetric 
mass aCT. F, Cross section of the E. hirae K10 ring as seen perpendicular to the plane of 
the membrane, filtered to a resolution of 16 Å.
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FIGURE II.4. 3-D reconstruction of yeast Vo sector from cryo EM. A, Purified yeast 
Vo domain was vitrified at a concentration of 2 mg/ml and visualized at -170 ºC. Individual 
side view projections are shown at the right side, top, and averages obtained by reference 
free alignment of characteristic side and top views are shown at the bottom. B, Side view 
(left image) and top view (right image) of the 3-D reconstruction of yeast Vo calculated 
from a data set of ~12,000 single molecules at a resolution of ~18 Å. The grey rectangle in 
the side view indicates the position of the lipid bilayer. C, Fitting of crystal structures into 
the EM reconstruction. The structural models used were the aNT homolog from M. ruber 
(3rrk, blue), the subunit d homolog from T. thermophilus (1r5z; green), and the K10 
proteolipid ring from E. hirae (2bl2; magenta). D, Side view (left image) and cross section 
(middle image) of holo yeast V-ATPase cryo EM reconstruction (emd-547632) for 
comparison. In free Vo (right image, see arrow), the ‘distal’ end of aNT is in contact with 
subunit d, whereas in holo V1Vo, aNT’s distal domain is in a more peripheral position in 
contact with Cfoot and EG2 (see arrow in middle image). For details, see text.
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Figure II.5. Isothermal titration calorimetry of the aNT - subunit d interaction. A, 
SDS-PAGE of bacterially expressed aNT (residues 1-372; lane 1; 5 µg) and subunit d (lane 
2; 5 µg). B, Subunit d at a concentration of 25 µM in 25 mM TRIS/HCl, pH 7, 0.5 mM 
EDTA, 1 mM TCEP, was titrated with 375 µM aNT(1-372) in the same buffer. Fitting the 
ΔH data to a one site binding model revealed a close to 1:1 binding stoichiometry (N = 
0.98), a Ka of 2.1·105 +/-  3.5·104 M-1 (Kd ~ 4.8 µM), a ΔH of -4.2 +/- 0.22 kcal/mol, a ΔS 
of 9.7 cal/(K·mol) and a ΔG of -6.9 kcal/mol. C, The ITC cell content was resolved by gel 
filtration over Superdex S200 (16x500 mm) and fractions were analyzed by SDS-PAGE. 
The arrowhead (fraction 34) indicates where subunit d alone elutes from the column. 
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Figure II.6. Preparation and functional characterization of VoΔd. A, Coomassie 
stained SDS-PAGE of glycerol density gradient centrifugation fractions of Vo in presence 
of lysophosphatidyl glycerol (LPPG; 1-palmitoyl-2-hydroxy-sn-glycero -3-[phospho-
RAC-(1-glycerol)]) and B, CHAPS. As can be seen from A, B, gradient centrifugation in 
presence of LPPG resulted in selective release of subunit d whereas in presence of CHAPS, 
Vo migrates as homogeneous complex. C, Vo and VoΔd in CHAPS were reconstituted at 
a high lipid:protein ratio using gel filtration (Sephadex G50) in presence of potassium 
chloride containing buffer. Liposomes were collected by centrifugation and subjected to 
SDS-PAGE and silver staining. D, Fluorescence based assay for passive proton 
translocation. Vo, VoΔd and control liposomes prepared in high potassium buffer were 
diluted into sodium containing buffer in presence of ACMA and after 5 minutes, a proton 
gradient was generated by the addition of the potassium ionophore, valinomycin. Presence 
of a proton gradient was subsequently confirmed by addition of the protonophore FCCP. 
As can be seen, both Vo and VoΔd showed essentially the same behavior as control 
liposomes, indicating that removal of subunit d did not result in passive proton 
translocation activity. 
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FIGURE II.7. Structural rearrangement of aNT upon reversible disassembly and 
mechanism of activity silencing. Comparison of cross sections of the 3-D EM 
reconstructions of (A) yeast V1Vo (emd-5476) and (B) isolated Vo at the level of aNT. In 
holo V1Vo, the distal domain of aNT is in contact with the foot domain of subunit C (Cf) 
and the N-terminal domain of peripheral stalk EG2. Release of V1 from Vo upon enzyme 
disassembly results in a large movement of aNT away from its peripheral position near Cf 
and EG2 to bind subunit d (see red arrow in (A)). Upon (re)assembly, the interaction 
between aNT and d is broken and aNT moves back to its peripheral position in the holo 
enzyme (see orange arrow in (B)). In one model of activity silencing, the rearrangement of 
aNT upon enzyme disassembly is transmitted to aCT, thereby blocking passive proton 
transport by altering the proximity of critical residues in aCT (such as Arg745; illustrated 
by the small blue sphere) relative to the proton carrying carboxyls in the c subunit ring 
(indicated by the small red spheres). Another possibility is that passive proton transport is 
kinetically inhibited due to the larger distance between carboxyls in the V-ATPase 
proteolipid ring compared to F-ATPase. Note that an even larger gap between carboxyls is 
predicted due to the proteolipid isoform c’’, which has the essential glutamate in 
transmembrane α helix 3 (Glu108) as opposed to in helix 4 as for c (Glu137) and c’ 
(Glu145)59,62,63. For details, see text. 
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ABSTRACT  

The vacuolar H+-ATPase (V-ATPase) is a rotary motor enzyme that acidifies intracellular 

organelles and the extracellular milieu in some tissues. Besides its canonical proton 

pumping function, V-ATPase’s membrane sector, Vo, has been implicated in non-

canonical functions including membrane fusion and neurotransmitter release. Here, we 

report purification and biophysical characterization of yeast V-ATPase c subunit ring (c-

ring) using electron microscopy and single-molecule electrophysiology. We find that 

yeast c-ring forms dimers mediated by the c subunits’ cytoplasmic loops. 

Electrophysiology measurements of the c-ring reconstituted into a planar lipid bilayer 

revealed a large unitary conductance of 8.3 nS. Thus, the data support a role of V-ATPase 

c-ring in membrane fusion and neuronal communication.
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BACKGROUND 

The vacuolar H+-ATPase (V-ATPase; V1Vo-ATPase) is a large multi subunit enzyme 

complex responsible for ATP hydrolysis-driven acidification of subcellular compartments 

in all eukaryotic organisms and the extracellular space in some tissues1-3. V-ATPase’s 

proton pumping function is vital for basic cellular processes, including pH homeostasis, 

endocytosis, protein trafficking, signaling, neurotransmitter release, hormone secretion, 

bone remodeling, sperm maturation, and urine acidification. The V-ATPase from S. 

cerevisiae, a well-characterized model system for the enzyme from higher organisms, is 

composed of 14 different polypeptides with varying stoichiometries and can be divided 

into a V1 catalytic sector (A3B3(C)DE3FG3H), and a membrane-integral Vo proton 

translocating sector (ac8c’c’’de) (Figure III.1A)4-6. Eukaryotic V-ATPase is a rotary 

motor enzyme related to F- and A-ATP synthase found in bacteria, mitochondria and 

archaea7,8. In the V-ATPase, ATP hydrolysis on V1 is coupled to proton pumping across 

Vo via rotation of a central stalk made of V1 and Vo subunits DFc8c’c’’d. A peripheral 

stator composed of V1 subunits E, G, H, C serves to stabilize the motor by binding to the 

N-terminal domain of the Vo a subunit (aNT).  

 

 Protons are translocated across the membrane by the rotating ring of c subunits 

(“proteolipids”), with each c subunit carrying a proton binding carboxyl group between 

two aqueous half channels located at the interface of the membrane integral C-terminal 

domain of subunit a (aCT) and the c subunit ring (c-ring). The yeast V-ATPase c-ring is 

composed of three isoforms c, c’ and c’’ in the ratio 8:1:16,9, with c and c’ having each 

four and c’’ five transmembrane α helices. However, unlike the related F- and A-
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ATPases, eukaryotic V-ATPase is regulated in vivo by a unique mechanism referred to as 

“reversible dissociation”, a condition under which the enzyme disassembles into 

membrane-bound Vo and cytoplasmic V1 sectors in a nutrient dependent fashion10,11 

(Figure III.1B). Upon disassembly, V1 no longer hydrolyzes MgATP12 and free Vo does 

not catalyze passive proton translocation13. Reversible dissociation of V-ATPase is well 

characterized in S. cerevisiae14, but more recent studies suggest that the mammalian 

enzyme is regulated by a similar process in some cell types15-19.  

 

 Besides its canonical proton pumping function in the holo V-ATPase, the free Vo or 

parts thereof has been implicated in membrane fusion and neurotransmitter release20-26 

(reviewed in27,28). For example, Vo20, and specifically aNT21-24, have been shown to 

participate in trans-SNARE pairing in a calcium and calmodulin dependent manner26, and 

it has been speculated that these Vo-SNARE interactions may assist in vacuole fusion in 

yeast21 or spontaneous neurotransmitter release26. Other studies have suggested a direct 

role of the Vo c-ring in fusion and/or neurotransmitter release by either catalyzing lipid 

mixing in the late stage of synaptic vesicle fusion with the presynaptic membrane 21,25, or 

by allowing efflux of neurotransmitters through its central pore21. However, due to 

contradictory reports29, possibly caused by compensatory pathways in vivo, and the lack 

of a well-defined in vitro system, the physiological significance of the proposed non-

canonical functions of the Vo have not been firmly established. 

 

 Here, we describe purification as well as structural and functional characterization of 

yeast V-ATPase c-ring. We report that purified c-ring forms dimers via an interaction of 
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the c subunits’ cytoplasmic loops. Using single-molecule electrophysiology 

measurements, we further show that the c-ring functions as a transmembrane protein pore 

with a large unitary conductance of ~8.3 nS, a finding that is in accord with the c-ring’s 

pore diameter of ~3.5 nm, as estimated from cryo electron microscopy (cryo-EM) images 

of c-ring two-dimensional (2-D) crystals and homology modeling. Taken together, this 

work provides the first direct evidence that eukaryotic V-ATPase c-ring exhibits some of 

the properties required for membrane fusion and neurotransmitter release.
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RESULTS 

Purification and structural characterization of yeast V-ATPase c-ring.  

We recently developed a protocol for isolating milligram quantities of yeast V-ATPase 

Vo membrane sector and found that treatment of Vo with the ionic detergent 

lysophosphatidyl glycerol (LPPG) leads to a selective release of subunit d from the 

complex to form the VoΔd (ac8c’c’’e) sub-complex30. Here, we show that by adding a 

second ionic detergent, sodium lauryl sarcosinate (SLS) followed by ammonium sulfate 

precipitation, both d and a subunits are removed, thus producing pure yeast V-ATPase c-

ring. Following ammonium sulfate precipitation, c-ring was extensively dialyzed against 

detergent (e.g. dodecyl maltoside (DDM)) containing buffer to remove LPPG and SLS. 

The dialyzed sample (up to 200 ml depending on the initial amount of Vo) was then 

concentrated to ~1-2 ml for further purification. Figure III.2A shows SDS-PAGE of 

purified yeast Vo and c-ring after dialysis and concentrating. As can be seen in Figure 

III.2A, the c-ring sample showed proteolipid bands (c, c’ and c’’) with a staining ratio as 

seen in intact Vo, suggesting that c-ring stayed intact during the procedure. Following 

dialysis, concentrated c-ring was subjected to size exclusion chromatography on 

Superdex 200 for further purification and for removal of excess detergent accumulated 

from concentrating the large volume after dialysis (Figure III.2B). SDS-PAGE and silver 

staining revealed that the first two peaks seen in the elution profile contained c-ring 

(Figure III.2C), the third peak contained only very little protein and was probably due to 

small molecule contaminations.  
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 To analyze the oligomeric state of the c-rings eluted from the column, we visualized 

fractions 48 and 58 by negative-stain EM. As can be seen, fraction 48 showed 

predominantly projections of dumbbell-shaped molecules consistent with c-ring dimers 

(Figure III.2D), whereas fraction 58 contained ring-shaped molecules with a stain-filled 

central cavity (Figure III.2E). The appearance of monomeric and dimeric c-rings in the 

two fractions is consistent with the apparent molecular sizes of the two peaks, which 

were ~110 and ~370 kDa, respectively (the calculated molecular mass of c8c’c’’ is ~170 

kDa). We also purified c-ring using undecyl and decyl maltoside (UnDM and DM), either 

all the way from the extraction stage through gel filtration, or by extracting with DDM 

and exchanging detergent to UnDM or DM on the gel filtration column. Under all these 

conditions, both dimers and monomers of the c-ring were obtained, albeit in different 

ratios (Supplementary Figure III.S1).  

 We recently reported conditions under which purified yeast Vo forms 2-D crystals in 

DOPC bilayers30. Reconstituting c-ring under the same conditions and visualizing 

resulting lipid vesicles before complete detergent removal revealed bilayers with closely 

packed c-rings next to dumbbell-shaped molecules outside the bilayers (Figure III.3A and 

B) reminiscent of the images of dimeric c-ring observed in fraction 48 after gel filtration 

(Figure III.2D). Cryo-EM of the c-ring containing liposomes, vitrified after complete 

detergent removal (21 days), revealed small crystalline areas suitable for structure 

analysis by correlation averaging. The averaged projection image of one of these 

crystalline patches shows closely packed ring-shaped molecules with outer and inner 

diameters of ~8.6 and 3.5 nm, respectively (Figure III.3C), very similar to the dimensions 

of the homo-decameric c-ring of the bacterial sodium pumping V-ATPase from E. hirae 
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(K10; 2bl2.pdb)31 (Figure III.3D2). Interestingly, some density appears to occupy the 

central pore of the c-rings (see arrow in Figure III.3C). The nature of this density is 

unclear at this time, but it is possible that the ‘plug’ is formed by the N-terminal α helix 

of the single copy subunit c’’ isoform and/or lipid molecules, as has been described for 

the c-rings isolated from F-ATPase32. We next generated a dataset of 4,337 of the 

dumbbell-shaped molecules highlighted in Figure III.3B, which was analyzed by 

reference free alignment protocols and sorted into 16 classes. Figure III.3D1 shows a 

class average (367 images) of the predominant side-view projection of the dimeric 

molecules, which we interpret to be composed of two c-rings bound to each other via 

their cytoplasmic loops (Figure III.3D4) and with stain-excluding detergent belts 

covering the hydrophobic exterior of each individual ring (see arrow in Figure III.3D4). 

Taken together, the data show that pure c-ring can be obtained from V-ATPase Vo and 

that in the absence of the a and d subunits, the c-ring dimerizes via the c subunit 

cytoplasmic loops. 

 

Single-molecule electrophysiology of the c-ring.  

We used single-channel electrical recordings33 to examine the electrophysiological 

features of yeast V-ATPase c-ring (see Supplementary Figure III.S2 for a schematic of 

the electrophysiology setup). Remarkably, the c-ring formed uniform, large-conductance 

transmembrane pores with a single-channel conductance of 8.33 ± 0.24 nS when 

reconstituted in planar lipid bilayers, consistent with an ohmic ion conduction through the 

pore lumen (n=66; Supplementary Figure III.S3). The c-ring always inserted into a planar 

lipid membrane in the same orientation, as judged by the asymmetry of the gating activity 
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depending on the voltage polarity. Representative single-channel traces, which were 

acquired at potentials between -50 and +50 mV, are presented in Figure III.4. The single-

channel electrical traces acquired at positive potentials (Figure III.4A and C) revealed a 

fairly quiet signature, exhibiting brief and infrequent current spikes. On the contrary, at 

negative transmembrane potentials (Figure III.4B and D), the c-ring showed a dynamic 

voltage-induced gating activity, encompassing a broad range of current blockades with 

amplitudes between 10 and 100% of that corresponding to the unitary conductance. The 

duration of current blockades spanned a time interval of several orders of magnitude, 

between sub-millisecond values and tens of seconds (Supplementary Figure III.S4). The 

overall frequency of these transient current blockades was ~1.7 s-1 and ~4.8 s-1 at a 

transmembrane potential of -20 and -40 mV, respectively. Using a logarithmic likelihood 

ratio (LLR) test for comparing different fitting models of these voltage-induced current 

blockades with a confidence number C=0.9534, we determined that the closed single-

channel current fluctuations fall into three-exponential probability distributions 

(Supplementary Figures III.S5 and III.S6). Fits to four-exponential probability 

distribution models were not significantly better, as judged by the LLR value. The open-

state events or the inter-current blockade intervals underwent a single exponential, 

indicating that, at negative applied potentials, the c-ring showed a current gating 

dynamics with one open sub-state and three closed sub-states. Large negative 

transmembrane potentials, greater than -30 mV, frequently produced either reversible or 

irreversible blockades to the fully closed sub-state (Supplementary Figure III.S7). 
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Electrophysiology of the c-ring - subunit d interaction and conductance of holo Vo. 

When the negatively charged d subunit was added to the cis side (corresponding to the 

cytosolic side), the open-state conductance was decorated by infrequent, long-lived 

single-channel events in the range of seconds. In Figure III.5, we illustrate typical single-

channel electrical traces of the c-ring at transmembrane potentials of +30 and -30 mV, as 

well as in the absence (Figure III.5A and C) and presence of 0.3 µM d subunit (Figure 

III.5 B and D). It is likely that these long-lived current blockades are produced by 

individual binding events between the d subunit and the positively charged cytosolic 

domains of the c subunits. A much more intense and complex gating activity was 

observed at negative transmembrane potentials, which culminated with the irreversible 

full closure of the c-ring when 0.45 µM d subunit was added to the cis side of the 

chamber (Supplementary Figure III.S8).  

 

 Finally, we were able to record individual single-channel insertions of the entire Vo 

complex into a planar lipid bilayer. In contrast to the results obtained with the c-ring, we 

noticed a broader distribution of the unitary conductance with an average of 1.81 ± 0.84 

nS (n=47) and within the range between 0.7 and 3.8 nS (Supplementary Figure III.S9). A 

disparity among the unitary conductance values of Vo recorded in this work suggests 

different conformations of subunit d and/or aNT with respect to the c-ring central pore 

within Vo (Figure III.6). In addition, we occasionally detected unitary conductance 

values greater than those in this range, in six distinct situations, when the applied 

potential was between +30 and +100 mV. This finding suggests that in these instances, 

the aNT-d sub-complex dissociated completely from the opening of the c-ring.  
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DISCUSSION 

Here, we show that treating purified yeast V-ATPase Vo30 with LPPG and SLS followed 

by ammonium sulfate precipitation allowed isolation of pure and intact yeast V-ATPase 

c-ring. SDS-PAGE of the c-ring preparation confirmed the presence of all three 

proteolipid isoforms (c, c’, and c’’) with relative staining intensities of the bands as seen 

in Vo preparations, indicating that the c-ring complex is not damaged during the 

purification procedure. Furthermore, the similar staining intensity of the c’ and c’’ bands 

is consistent with the reported 1:1 stoichiometry of the two isoforms9. Structural integrity 

of the c-ring was also confirmed by gel filtration and EM analysis of single particles and 

2-D crystals. While the resolution of the projection images obtained from 2-D crystals 

was insufficient to determine the subunit stoichiometry, the outer and inner diameters of 

the rings are consistent with the size of the related E. hirae K10 ring31, and the c-ring as 

seen in the ~7 Å cryo-EM map of holo yeast V-ATPase6. Interestingly, from gel filtration 

experiments together with single-particle EM, we found that c-ring exists in a monomer-

dimer equilibrium, with the dimer interface likely formed by the cytoplasmic loops of the 

c subunits.  

 

 Such a dimeric arrangement had been proposed earlier from studies with proteolipids 

isolated from arthropod hepatopancreas (referred to as “ductin”35,36) or from presynaptic 

membranes isolated from the Torpedo electric organ (referred to as “mediatophore”28,37). 

Primary sequence analysis of ductin and mediatophore polypeptides revealed virtual 

identity to the V-ATPase c subunit38-40, and in one instance it was shown that expression 

of arthropod ductin could complement the c subunit deletion (vma3Δ) phenotype (Vma-) 
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in yeast41. From these studies, it was speculated that dimeric ductin and mediatophore 

oligomeric structures could function in cell-cell communication including 

neurotransmitter release26,28,42-44. It should be noted that the 2-D crystal projection images 

of yeast c-ring presented here appear very similar to images of ductin hexagonal arrays 

even though the ductin rings were modeled to contain only six c subunit monomers36. 

From subsequent studies in yeast and Drosophila, it was speculated that dimerization 

(trans-complex formation) of V-ATPase c-rings could catalyze membrane fusion events 

in vivo21,25 and that Vo’s aNT could change conformation and serve as a SNARE like 

protein to assist in fusion of synaptic vesicles with the presynaptic membrane23. 

However, subsequent experiments in yeast challenged some of these proposals on the 

basis that it is V-ATPase-driven acidification and not Vo per se that is required for the 

fusion process29. In summary, while the observed tendency of the V-ATPase c-rings to 

form stable dimers appears to lend support to above proposals, it remains to be seen 

whether the c-ring dimerization occurs in vivo and if so, what its physiological function 

may be. 

 

 In this work, single-molecule electrophysiology examinations revealed a large-

conductance of the c-ring, with a rich gating activity at negative, but not positive 

potentials. This non-canonical ion conductance through the pore lumen of the c-ring is 

not to be confused with the transmembrane pathway of the canonical proton pumping 

function of Vo in holo V-ATPase, which occurs at the interface of aCT and the c-ring 

(Figure III.6A). The asymmetric single-channel electrical signature depended on the 

polarity of the applied potential, which indicated that the c-ring consistently inserted into 
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the planar lipid bilayer with a preferred orientation. This directionality of insertion is 

likely due to the charge distribution in the c subunits. At physiological pH, the 

cytoplasmic domains of the c, c’ and c’’ subunits carry +3, +4, and +1 net charges, 

respectively, for a total of 29 positive charges (Supplementary Figure III.S10). We 

therefore reason that under conditions of positive potential in trans, the c-ring insertion 

always occurred with the luminal side first, leaving the cytoplasmic domains oriented 

towards the negative cis side of the chamber. Therefore, a positive potential in our case 

meant a positive potential in the vacuolar lumen side of the c-ring with respect to its 

cytosolic side. This configuration was chosen for our setup, because it corresponds to the 

physiological situation where the cytoplasmic side is negative relative to the vacuole 

lumen (or outside of the cell), in accord with measured membrane potentials across plant 

or yeast vacuolar membranes, which are between +30 to +40 mV45,46. The observed 

current fluctuations in situations where the polarity was switched to negative in trans 

after insertion could then be explained by electrostatic forces either pulling the positively 

charged cytoplasmic domains of the c subunits, or pushing their negatively charged C-

termini in the vacuolar lumen, towards the pore interior. Both types of structural changes 

would likely lead to the frequent and long-lived current blockades, which were observed 

to encompass a broad range of amplitudes and durations. Another possibility is that the 

N-terminal α helix of c’’ is transiently changing conformation depending on the polarity 

of the applied membrane potential, with stronger or more frequent fluctuations under 

conditions of negative potential. Moreover, at potentials below -40 mV with respect to 

the cytosolic side, we frequently observed irreversible current blockades to a low-
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amplitude current state, suggesting that the polarity of the potential is important for the c-

ring’s biological function. 

  

 Recently, it was reported that the c-ring of the related F1Fo-ATP synthase possesses 

voltage-sensitive, large-conductance properties47. The persistent opening of the Fo c-ring 

led to a rapid depolarization of the inner mitochondrial membrane, suggesting that this 

transmembrane pathway is a candidate for the mitochondrial permeability transition pore. 

This raises the possibility that the large-conductance properties as well as the associated 

non-canonical functions of the proteolipid rings are conserved among rotary ATPase 

membrane sectors. 

 

 As mentioned above, a positive potential in our setup meant a positive potential on 

the lumenal side of the c-ring relative to the cytosolic side, as is observed in vivo45,46. To 

study the interaction between the c-ring and the capping d subunit (as monitored by the 

change in c-ring conductance), both components were added to the cis side of the 

chamber at a positive potential. Under these conditions, we observed that the conductance 

of the c-ring decreased from ~8.3 nS to lower values (0.7 < G < 3.8 nS), consistent with a 

specific interaction between subunit d and the cytoplasmic domains of the c-ring that 

resulted in a partial and reversible blockage of the pore. Subunit d is highly negatively 

charged (-23 at pH 7, -26 at pH 8), suggesting that its interaction with the positively 

charged cytoplasmic domains of the c-ring is at least partly driven by electrostatic 

interactions. It is conceivable that the polarity of the applied voltage affects the exposure 

of these c-ring domains with respect to the membrane surface. At positive potential, for 
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example, c-ring’s positively charged domains are oriented towards the pore exterior, 

whereas at negative potentials, electrostatic forces will pull the domains towards the pore 

lumen, structural changes likely to affect the binding interactions with the capping d 

subunit.  

 

 Unlike the c-ring, which showed a uniform conductance of ~8.3 nS, holo Vo 

exhibited a range of unitary conductance values, with an average value smaller than that 

observed for the c-ring. This finding suggests that aNT and subunit d may exist in 

different conformations that block the central pore of the c-ring to various degrees. Very 

rarely, in less than 10% of the successful Vo insertions, and especially under conditions 

of higher potential (e.g. +100 mV), a unitary conductance of ~8 nS was observed, 

suggesting complete (but reversible) release of the aNT-d complex from the cytoplasmic 

opening of the c-ring as illustrated in Figure III.6B. This outcome can be rationalized 

with the structure of the intact Vo. Recently, we obtained a 3-D EM reconstruction of 

detergent solubilized Vo sector that showed aNT in a close contact with the d subunit30, 

an interaction not seen in the reconstructions of holo V1Vo6. Using recombinant V-

ATPase subunits, we found that aNT binds subunit d with a moderate affinity of ~5 

µM30. While the affinity between c-ring and subunit d has not been measured, there is 

evidence that the interaction is not very tight. For example, in vivo experiments showed 

that shortening of the tether connecting aNT and aCT resulted in partly assembled 

membrane sectors (ac8c’c’’) that did not have subunit d bound, unless d was significantly 

over-expressed48. Furthermore, 3-D reconstructions of lipid nanodisc-reconstituted Vo, 

calculated at slightly higher resolution than our recent reconstruction of detergent 
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solubilized protein30, revealed that the d subunit is pushed deeper into the central pore of 

the c-ring upon binding of V1 to Vo (Stam et al., in preparation). Taken together, this 

means that subunit d is bound to Vo via two low-affinity interactions that, on one hand, 

result in a high-avidity binding of d to Vo, but at the same time allow for structural 

changes that are required for (re)assembly of the holo V-ATPase. On the other hand, 

release of aNT from its interaction with d in free Vo, likely accompanied by pore 

opening, is also consistent with the proposed role of aNT as a SNARE binding partner26.  

 

 Interestingly, from electrophysiology studies with yeast vacuolar vesicles 

reconstituted into planar lipid bilayers, it was reported that vacuolar membranes contain a 

calcium-dependent ion channel with a conductance of 0.43 nS (at 0.3 M KCl)49. While it 

is known that yeast vacuolar membranes contain a significant fraction of free Vo at any 

given time14, it remains to be seen whether the conductance observed in vacuolar 

membrane vesicles is in any way related to the conductance of free Vo observed in our 

study. One question is how does the single-channel conductance of the c-ring relate to the 

inner dimensions of the pore lumen? Are the here reported single-channel currents in 

accord with the diameter of the fully open pore? From cryo-EM projections of the c-ring 

2-D crystals, we estimated an internal diameter of ~3.5 nm (Figure III.3C). However, 

homology modeling reveals that the internal surface of the pore is corrugated and that the 

diameter of the pore varies from ~3.1 nm on the luminal side to ~3.9 nm on the cytosolic 

side (Supplementary Figure III.S11). The length of the pore, as measured by the side 

chain-to-side chain distance is ~6.5 nm. The unitary conductance, G, should be the 

reciprocal of the pore resistance. However, the measured resistance should also include 
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the access resistance of the pore50. If we consider a highly simplified model of a 

cylindrical pore, the equation of its unitary conductance is the following51,52: 

Equation (1) 

 

where σ is the bulk conductivity of ionic solution and d and l indicate the diameter and 

length of the pore, respectively. σ is 10.5 S m-1 for 1 M KCl at 23 °C53. The relatively 

large internal size of the pore, as compared with conventional ion channels, and high salt 

concentration of the buffer solution justify for neglecting the effects of the surface 

charges on the single-channel conductance. Under these contexts, for a cylindrical 

geometry with a length of 6.5 nm, the single-channel conductance is 10.3 and 12.8 nS for 

a diameter of 3.1 and 3.5 nm, respectively. It is worth mentioning that in the structure of 

the c-ring it is possible that a ‘plug,’ which is formed by the N-terminal α helix of the 

single copy subunit c’’ isoform, partitions into the pore lumen, thus reducing its single-

channel conductance. On the other hand, using equation (1), we can estimate of the 

average internal diameter of the pore for a given single-channel conductance. For G=8.3 

nS and l=6.5 nm, we obtain d=3.0 nm, which is quite close to the constricted region of 

the pore. These simplified estimates suggest that the measured single-channel 

conductance of the c-ring is in accord with the diameter of the fully open pore. We are 

aware that such estimates neglect other effects and forces, such as the internal bilayer 

pressure and surface tension of the membrane, which might alter the overall cross-

sectional geometry and internal diameter of the pore.
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CONCLUSION AND FUTURE PROSPECTS  

Our structural and electrophysiological characterization of the c-ring provides support for 

the proposed non-canonical functions of the V-ATPase membrane sector. The observed 

dimerization is consistent with the proposed trans-complex formation of the c-ring that 

precedes membrane fusion by lipid mixing, whereas the large conductance of the pore 

could explain the proposed role of the c-ring in neurotransmitter release. However, while 

more work will be needed to establish the physiological role of the here reported 

properties of the c-ring, the stability and unique conductance properties of the pore could 

lead to novel applications in emerging arenas of nanobiotechnology, molecular 

biomedical diagnosis, as well as therapeutics. Experiments towards these aims are 

ongoing in our laboratories.
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EXPERIMENTAL PROCEDURES 

Reagents. Dodecyl-, undecyl- and decyl-β-D-maltopyranoside (DDM, UnDM and DM) 

were from Anatrace and 1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-RAC-(1-

glycerol)] (LPPG) was obtained Avanti. Sodium lauryl sarcosinate (SLS) was from 

Sigma. Calmodulin beads were obtained from GE Healthcare or Agilent. All other 

reagents were of analytical grade from Sigma-Aldrich. 

 

Purification of yeast V-ATPase Vo sector. All steps were carried out at 4 ºC unless noted 

otherwise. Yeast V-ATPase Vo was purified via affinity chromatography as described30 

with the following modifications. The protein A moiety that is part of the TAP tag was 

eliminated from the chromosomal DNA of the yeast strain used for Vo isolation 

(YSC1178-7502926; Open Biosystems) by homologous recombination. At the same 

time, the his3 marker used to introduce the TAP tag in the commercial TAP strain was 

replaced with ura3. Briefly, cells were resuspended in 25 mM Tris-HCl, pH 7.5, 500 mM 

sorbitol, 2 mM EDTA (Tris-sorbitol) and a protease inhibitor cocktail was added before 

mechanical disruption with a bead beater (Omni MES) in a 960 ml Mason jar. Release of 

arginine as measured with a commercial kit (Megazyme) was used as a measure of 

vacuole breakage and for optimizing lysis conditions. Unbroken cells and cell walls were 

removed by low-speed centrifugation (900 X g, 10 min) and the supernatant was 

centrifuged at 16,000 X g for 30 minutes to pellet mitochondria and other organelles. 

Total microsomes were then pelleted at 265,000 X g for 2 hours and washed once in Tris-

sorbitol. Membrane pellets were resuspended in Tris-sorbitol and after measuring the 

protein concentration, membranes were stored at -80 ºC until use. For Vo purification, 
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membranes were extracted after adding protease inhibitors using DDM or UnDM (0.6 mg 

of detergent per mg of protein). Buffers to wash and elute the column contained two 

times the critical micelle concentration (CMC) of DDM (0.02%) or UnDM (0.06%) 

unless noted otherwise.  

 

Purification of V-ATPase c-ring. Isolation of yeast V-ATPase c-ring was adapted from54 

with the following modifications. Purified yeast Vo diluted to 0.5-1 mg/ml using 10 mM 

Tris-HCl, pH 8, 10 mM β-mercaptoethanol (BME), 0.5 mM EGTA, and 0.02% DDM or 

0.06% UnDM (CaM elution buffer) was incubated with 1% SLS and 0.05% LPPG for 

one hour at 42 ºC. Ammonium sulfate was then added to 65% saturation and incubated 

for 4 hours at room temperature. Precipitated subunits a and d were removed by 

centrifugation at 14,000 X g for 30 minutes at room temperature and the supernatant was 

filtered through a 0.45 µm membrane. The filtered sample was then extensively dialyzed 

(3 X 2 l over 2 days) against CaM elution buffer in a 50 kDa cutoff dialysis bag at room 

temperature. The final dialysate (100-300 ml) was concentrated to ~1-2 mg/ml c-ring in a 

50 kDa cutoff Vivaspin concentrator at 4 ºC. At this stage, the yield of c-ring was on 

average 0.4 mg per mg of Vo, corresponding to a recovery of about 75%. Between 0.5 - 2 

mg of c-ring was applied to a Sephadex S200 (16X500 mm2) column attached to an 

AKTA FPLC system and eluted in CaM elution buffer using a flow of 0.6 ml/min. 

Fractions were analyzed by 13% SDS-PAGE gel electrophoresis. Gels were stained with 

Coomassie Blue or silver. Peak fractions for c-ring dimer and monomer were 

concentrated in 50 kDa cutoff Vivaspin concentrators.  
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Two dimensional (2D) crystallization. 2D-crystals of V-ATPase c-ring were generated 

using 1.5 mg/ml c-ring and 0.45 mg/ml DOPC, as described for intact Vo30.  

 

Electron Microscopy. For negative staining, 5 µl of samples (c-ring dimers or monomers 

or c-ring 2D-crystals) were applied to glow-discharged carbon-coated copper grids and 

stained with 1% uranyl acetate or uranyl formate. If necessary, samples were diluted with 

CaM elution buffer containing 0.02% DDM to prevent c-ring aggregation. For cryo EM, 

3 µl of 2-D crystallization mixtures were applied to holey carbon coated copper grids (C-

flat 400 mesh, 2/2) and vitrified in liquid ethane in a home built plunger.  Grids were 

examined in a JEM-2100 (JEOL) transmission electron microscope operating at 120 or 

200 kV. Images were recorded in minimum dose mode using a charge-coupled device 

(TVIPS F415MP) at 40,000X optical magnification and an underfocus of 1.5 µm. 

Catalase was used as calibration standard.  

 

Image Analysis. Single-particle analysis of a dataset of 4,337 projections of c-ring dimers 

was done with the EMAN1.9 package of programs55 using the reference free alignment 

script refine2d.py. The dataset was sorted into 16 classes and since c-ring dimer was 

almost exclusively oriented on the carbon support to produce the dumbbell-shaped side 

view projection, essentially all the class averages had a very similar appearance. Analysis 

of 2-D crystalline c-ring patches was done with the IMAGIC 5 package of programs56 

using correlation averaging as previously described57.  
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Single-channel electrical recordings. Protein reconstitution into planar lipid bilayers was 

probed by electrical recordings58,59. The two sides of the chamber, cis and trans (1.5 ml 

each), were separated by a 25 µm-thick Teflon septum (Goodfellow Corporation). An 

aperture in the septum, ~80 µm in diameter, was pretreated with hexadecane (Sigma-

Aldrich), which was dissolved in highly purified pentane (Fisher) at a concentration of 

10% (v/v). Both the cis and trans chambers contained 1 M KCl, 10 mM Tris, pH 8.0. A 

planar lipid bilayer of 1,2 diphytanoyl-sn-glycero-phosphatidylcholine (Avanti) was 

formed across the aperture. Monomeric c-ring (extracted and purified in UnDM and 

containing less than 1% detergent) was added to the cis chamber to a final concentration 

of ~0.2-0.8 ng/ml. Single-channel currents were acquired by using an Axopatch 200B 

patch-clamp amplifier (Axon) in the whole-cell mode (β = 1) with a CV-203BU 

headstage. The cis chamber was grounded, meaning that a positive current represents 

positive charge moving from the trans to the cis side. A Precision T3500 Tower 

Workstation Desktop PC (Dell) was equipped with a DigiData 1322A A/D converter 

(Axon) for data acquisition. Single-channel electrical traces were low-pass filtered with 

an 8-pole Bessel filter (Model 900; Frequency Devices) at a frequency of 10 kHz and 

sampled at 50 kHz. pClamp 10.3 software (Axon) was used for data acquisition and 

analysis. 

 

Other Procedures. Protein concentration was measured using the bicinchoninic acid 

(BCA) method (Thermo Scientific) in combination with TCA precipitation as described 

in60 using fatty acid free BSA as standard. Recombinant yeast V-ATPase subunit d was 
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purified as described30. Native gel electrophoresis (BN- and hrCN-PAGE) was performed 

according to61.
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FIGURE III.1. Subunit architecture and regulation of yeast V-ATPase. (a) Schematic 
of yeast V-ATPase subunit architecture. Rotor subunits (DFdc8c’c’’) are in green, the stator 
complex ((EG)3CHa) is in orange and the catalytic hexamer (A3B3) is in blue (adapted 
from30). Yeast V-ATPase c subunit ring contains three proteolipid isoforms, c, c’ and c’’, 
and while c and c’ each contain four, c’’ is predicted to contain five transmembrane 
segments with the N-terminal α helix that is not found in c and c’ likely located inside the 
central pore of the c-ring62,63. While c’’ is conserved across species, the c’ isoform has as 
of yet not been identified in the mammalian enzyme. (b) Regulation of V-ATPase’s ATP 
hydrolysis driven proton pumping activity by reversible dissociation into inactive V1 and 
Vo sectors.
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FIGURE III.2. Purification and structural characterization of yeast V-ATPase c-ring. 
(a) SDS-PAGE of purified Vo (10 µg) and dialyzed and concentrated c-ring (5 µg). The 
gels were stained with Coomassie blue. (b) Size-exclusion chromatography (Superdex 200, 
16 x 500 mm2) of c-ring (1 mg) in 0.1% DDM containing buffer. (c) Peak fractions (10 µl 
each) were analyzed by SDS-PAGE and silver staining. (d) and (e) Negative stain EM of 
fraction 48 and 58, respectively. Dimeric c-ring complexes are highlighted by circles in 
(d).
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FIGURE III.3. 2-D crystallization and single particle image analysis of c-ring. For 2-
D crystallization, c-ring (1.5 mg/ml) was mixed with DOPC (0.5 mg/ml) and detergent was 
removed by the addition of BioBeads. (a) Negative stain TEM of DOPC reconstituted c-
ring after detergent removal for 7 days. At this stage, para-crystalline arrays of c-rings were 
visible, but reconstitution was incomplete with numerous dimeric c-ring complexes visible 
next to lipid vesicles (see molecules highlighted by circles in (b)). (c) Reconstituted c-rings 
after complete detergent removal were imaged by cryo-EM and crystalline areas were 
analyzed by correlation averaging. (d1) Averaged projection (367 images) of dimeric c-
ring. A dataset of 4337 images of dimeric c-rings from images as shown in (b) was analyzed 
by reference free alignment and classification, as implemented in EMAN1.9. (d2,3) Side- 
and top-view of a bacterial V-ATPase c-ring (K10 ring from E. hirae; 2bl2.pdb)31. (d4) 
Model of the dimeric yeast V-ATPase c-ring superimposed on the EM average. The stain-
excluding detergent belt is indicated by the arrow.
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FIGURE III.4. Representative single-channel electrical traces along with their 
corresponding semi-logarithmic all-point, current-amplitude histograms. The traces 
were acquired with the c-ring at various applied transmembrane potentials. (a) +20 mV. 
(b) -20 mV. (c) +40 mV. (d) -40 mV. All single-channel traces were low-pass Bessel 
filtered at a frequency of 10 kHz. These electrical traces are typical among n=8 distinct 
single-channel electrical recordings.



 

 143 

 
 
FIGURE III.5. Interaction of the d subunit with the c-ring produces current 
blockades of varying amplitude. In panels (a) and (b), single-channel electrical signature 
of the c-ring is illustrated at +30 and -30 mV, respectively. In (c) and (d), the single-channel 
traces are (a) and (b) in the presence of 0.3 µM d subunit, respectively, which was added 
to the cis side. These electrical traces are typical among n=3 distinct single-channel 
electrical recordings.
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FIGURE III.6. Canonical and non-canonical ion translocation across the Vo 
complex/c-ring. (a) Schematic model of the aCT-c-ring complex highlighting canonical 
and non-canonical translocation pathways. (b) Conductance of the Vo likely caused by 
structural fluctuations or different conformations of aNT-d and its interaction with the c-
ring cytoplasmic domains.



 

 145 

 
SUPPLEMENTAL FIGURE III.S1. Size exclusion chromatography of yeast V-
ATPase c-ring in dodecyl, undecyl and decyl maltoside. Yeast total membranes were 
extracted with 0.6 mg DDM per mg of membrane protein and Vo was purified using 0.1% 
DDM in all buffers. Following removal of subunits a and d with LPPG/sarkosyl and 
ammonium sulfate precipitation, c-ring was dialyzed against 0.1% DDM containing buffer. 
c-ring was concentrated to ~2.7 mg/ml and ~2 mg was subjected to size exclusion 
chromatography in either 0.02% DDM (a), 0.06% UnDM (b) or 0.18% DM (c). Fractions 
were analyzed by 13% SDS-PAGE and silver staining. The detergent content of the 
fractions was analyzed using thin layer chromatography in chloroform/methanol/water 
(100:38.5:6.2 v/v) and visualized with iodine vapor. (d) Analysis of c-ring using blue native 
(BN) and high-resolution clear native (hrCN) 3-11% gradient PAGE1. Left gel: 5 µg 
dimeric c-ring purified in UnDM. The negatively charged Coomassie Blue dye and/or the 
electric field leads to partial dissociation of the c-ring dimers. Right gel: 5 µg Vo, 5 µg of 
dimeric, and ~1 µg of monomeric c-ring were analyzed.  
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SUPPLEMENTAL FIGURE III.S2. Schematic of the single-molecule 
electrophysiology setup. Both the cis and trans chambers contained each 1.5 ml 10 mM 
Tris-HCl, pH 8.0, 1 M KCl. The chambers were separated by a planar lipid bilayer of 1,2 
diphytanoyl-sn-glycero-phosphatidylcholine, which was formed across a teflon aperture 
with a diameter of 80 µm. Monomeric c-ring (extracted and purified in UnDM and 
containing less than 1% detergent) was added to the cis chamber to a final concentration 
of ~0.2-0.8 ng/ml. The cis chamber was grounded, meaning that a positive current 
represents positive charge moving from the trans to the cis side as depicted in the 
schematic. Electrophysiology measurements were conducted as described in references 2,3.
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SUPPLEMENTAL FIGURE III.S3. The c-ring transmembrane protein pore of the 
V-type ATPase shows a uniform large-conductance signature. (a) Two consecutive 
single-channel insertions of the c-ring monomer recorded at a transmembrane potential of 
+30 mV, resulting in 242 pA and 483 pA current levels. This electrical recording illustrates 
the uniformity of the single-channel conductance of the c-ring transmembrane protein pore 
with a value of ~8 nS; (b) The current-voltage profile is represented as average over at least 
three independent single-channel experimental determinations. This profile reveals a linear 
relationship with a slope of ~8.3 nS, which is consistent with an average conductance of 
8.33 ± 0.24 nS (n=66), as derived from different single-channel determinations at different 
applied transmembrane potentials.
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SUPPLEMENTAL FIGURE III.S4. A representative long-lived current blockade with a 
duration of ~50 s, which was recorded at a transmembrane potential of -40mV. These long-
lived current blockades were either reversible or irreversible. They were not detected at 
transmembrane potentials of -20 mV or lower than this value. 
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SUPPLEMENTAL FIGURE III.S5. Dwell time and current amplitude histograms 
derived from a typical single-channel electrical recording acquired with the c-ring 
transmembrane protein pore at an applied transmembrane potential of -20 mV. (a) A 
representative dwell time histogram of the open events. τO = 616 ± 93 ms. For the fitting 
approach, we used a log likelihood ratio (LLR) test with a confidence number C=0.954,5. 
The fitting method was variable metric on the exponential probability function6.  χ2

crit
 = 

5.99,  χ2
1→2 = -1179; (b) A representative dwell time histogram of the closed events. The 

fitting of this histogram indicated three time constants, τC1 = 1.09 ± 0.04 ms, τC2 = 10.1 ± 
0.06 ms, and τC3 = 156.8 ± 0.17 ms with the normalized probabilities PC1 = 0.63 ±0.02, PC2 
= 0.29 ± 0.01, and PC3 = 0.08 ± 0.01, respectively. The fitting method was variable metric 
on the exponential log probability function for revealing time constants spanning over a 
three-order of magnitude range. We used a LLR test with a confidence number C=0.95. 
The correlation coefficient was R = 0.963. χ2

crit
 = 5.99,  χ2

1→2=354.8,  χ2
2→3=37.90,  

χ2
3→4=0.14; (c) A representative current amplitude histogram fitted with a three-component 

Gaussian, revealing current blockade peaks of IB1 = 73 ± 1 pA, IB2 = 83 ± 1 pA, and IB3 = 
100 ± 2 pA with the normalized probabilities of PB1 = 0.46 ± 0.05,  PB2 = 0.51 ± 0.09, and 
PB3 = 0.03 ± 0.02, respectively. The events list file was generated from a single-channel 
electrical trace with a duration of 135.7 s. pClamp 10.5 software (Axon Instruments) was 
used for data analysis after the single-channel traces were low-pass Bessel filtered at a 
frequency of 5 kHz.
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SUPPLEMENTAL FIGURE III.S6. Dwell time and current amplitude histograms 
derived from a typical single-channel electrical recording acquired with the c-ring 
transmembrane protein pore at an applied transmembrane potential of -40 mV. (a) A 
representative dwell time histogram of the open events. τO = 238 ± 20 ms. For the fitting 
approach, we used a log likelihood ratio (LLR) test with a confidence number C=0.954,5. 
The fitting method was variable metric on the exponential probability function6.  χ2

crit
 = 

5.99,  χ2
1→2 = 1.7; (b) A representative dwell time histogram of the closed events. The fitting 

of this histogram indicated three time constants, τC1 = 0.847 ± 0.057 ms, τC2 = 4.80 ± 0.16 
ms, and τC3 = 71.20 ± 0.31 ms with the normalized probabilities PC1 = 0.82 ± 0.03, PC2 = 
0.14 ± 0.02, and PC3 = 0.04 ± 0.01, respectively. The fitting method was variable metric on 
the exponential log probability function for revealing time constants spanning over a three-
order of magnitude range. We used a LLR test with a confidence number C=0.95. The 
correlation coefficient was R = 0.964. χ2

crit
 = 5.99,  χ2

1→2 = 360.5,  χ2
2→3 = 14.6,  χ2

3→4 = -
1.8×10-5; (c) A representative current amplitude histogram fitted with a three-component 
Gaussian, revealing current blockade peaks of IB1 = 116 ± 1 pA, IB2 = 127 ± 1 pA, and IB3 
= 146 ± 7 pA with the normalized probabilities of PB1 = 0.31 ± 0.01,  PB2 = 0.50 ± 0.08, 
and PB3 = 0.19 ± 0.07, respectively. The events list file was generated from a single-channel 
electrical trace with a duration of 47.7 s. pClamp 10.5 software (Axon Instruments) was 
used for data analysis after the single-channel traces were low-pass Bessel filtered at a 
frequency of 5 kHz.
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SUPPLEMENTAL FIGURE III.S7. A representative single-channel electrical trace, 
acquired at a transmembrane potential of -50 mV, showing either an irreversible (a) or a 
reversible (b) current blockade to the fully-closed sub-state. 
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SUPPLEMENTAL FIGURE III.S8. Subunit d produced greater blockade amplitude of 
the single-channel conductance of the c-ring transmembrane protein pore when added at a 
concentration of 0.45 µM to the cytoplasmic side. In panels (a) and (b), the applied 
transmembrane potential was +30 and -30 mV, respectively. In (a), a long-lived current 
blockade to a lower conductance of ~4.1 nS was observed, which was followed by a full 
current blockade. At -30 mV, c-ring showed an open-state current decorated by frequent 
current blockades of varying amplitudes (Figure III.6B, the main text), but this was 
permanently, fully blocked by 0.45 µM d subunit added to the cis chamber (b).  



 

 153 

 
SUPPLEMENTAL FIGURE III.S9. Some examples of single-channel insertions of the 
purified Vo transmembrane complex in a planar lipid membrane indicates some variability 
in the unitary conductance. The applied transmembrane potential was +30 mV. Amplitudes 
of the single-channel currents were (a) 32, (b) 60, and (c) 96 pA.
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SUPPLEMENTAL FIGURE III.S10. Amino acid sequence of the cytoplasmic and 
vacuolar domains of the yeast V-ATPase proteolipids c, c’ and c’’. Surface 
representation of yeast c-ring. Yeast subunits c (Vma3p), c’ (Vma11p) and c’’ (Vma16p) 
were threaded into the crystal structure of the bacterial homolog from the E. hirae sodium 
V-ATPase (subunit K; 2bl2.pdb7) using the Phyre2 server8. Negatively and positively 
charged residues are highlighted in red and blue, respectively. Mass spectrometry data of 
intact subunits showed that the N-termini of subunit c (Vma3p) are acetylated and therefore 
carry no charge9. The model illustrates a clear asymmetry in the overall positive charge 
distribution at the cytosolic and vacuolar sites of the c-ring. This asymmetric charge 
distribution likely explains the observed uniform insertion of the c-ring into the planar lipid 
bilayer. The single orientation was conserved regardless of the polarity of the applied 
potential.
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SUPPLEMENTAL FIGURE III.S11. Internal dimensions of the yeast proteolipid c-
ring using a molecular surface representation. This homology structure was derived 
using the crystal structure of the bacterial homolog from the E. hirae sodium V-ATPase 
(subunit K; 2bl2.pdb7) and the Phyre2 server8. The horizontal scale bar at the midpoint of 
the pore lumen measures 3.5 nm.  
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ABSTRACT 

The vacuolar ATPase (V-ATPase) is a multi-subunit, dedicated nanomotor that utilizes 

the energy from ATP hydrolysis to pump protons into the lumen of organelles and the 

extracellular milieu of specialized cells in higher eukaryotes. Although the V-ATPase 

shares a similar structure and rotary catalysis mechanism with the F- and A-ATPases, the 

V-ATPase is regulated by a unique reversible disassembly mechanism. Upon 

dissociation, ATP hydrolysis in the soluble V1 sector and proton translocation in the 

membrane-embedded Vo sector are auto-inhibited. All rotary ATPases contain a 

proteolipid ring directly involved in proton translocation. The ion-binding sites within the 

proteolipid ring contain an essential carboxylate residue (D/E) that is reversibly 

protonated in two laterally offset, water-filled cavities at the interface of subunit a and the 

c-ring. While the essential carboxylates in F-, A- and bacterial V-ATPase c-rings are 

symmetrically radially distributed, the essential glutamates in the eukaryote V-ATPase c-

ring are asymmetrically radially distributed. The yeast V-ATPase c-ring is made of c 

(Vma3p), c’ (Vma11p) and c’’ (Vma16p) in a stoichiometry of 8:1:1, respectively. In this 

work, we solved the V-ATPase c-ring structure at ~4 Å. Our data suggest that two c-rings 

interact promiscuously via their cytoplasmic loops to form a stable dimer in solution and 

in lipid membranes. To test the H+/ATP ratio implications, we generated mutant strains 

harboring a functional, synthetic F-like c-ring containing 20 isometric Vma3p ion-

binding pockets. The functional V-ATPase c-ring axial rotation depended on the intrinsic 

and global symmetry of the ion-binding pockets but not on the H+/ATP ratio. 

Furthermore, heterologous overexpression of Vma3p generated high molecular adducts in 

lipid membranes, suggesting that V-ATPase c-ring biogenesis requires assisted-



	 161 

oligomerization to ensure the proper stoichiometry in vivo. Together, we propose that c’’ 

disturbs the global properties of the c8c’ sub-complex by generating a functional barrier 

associated with unidirectional c-ring axial rotation and auto-inhibition of Vo.
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BACKGROUND 

The vacuolar ATPase (V-ATPase, V1Vo-ATPase) is a multi-subunit, membrane bound, 

dedicated nanomotor that hydrolyzes ATP to pump proton into the lumen of organelles 

and the extracellular milieu of specialized cells in higher eukaryotes.1,2 Although the V-

ATPase shares a similar structure and rotary catalysis mechanism with the F- and A-

ATPases, there are several structural and regulatory features that are only found in the V-

ATPase.3,4 The enzyme is made of two sectors comprised of 15 different subunits in 

varying stoichiometries.5 The soluble V1 sector (A3B3(C)DE3FG3H) contains the ATPase 

catalytic part of the enzyme whereas the membrane embedded Vo sector (a(c8c’c’’)def) 

contains two water-filled cavities directly implicated in proton translocation (Figure 

IV.1A). The ATP hydrolysis in the catalytic A3B3 heterohexamer provokes the DF central 

stalk rotation. The central stalk interacts with subunit d to form the rotor sub-complex of 

the enzyme coupling the ATPase activity to the axial rotation of the isoform-containing 

proteolipid ring (c-ring, c8c’c’’) against the membrane bound C-terminal domain of 

subunit a (aCT).5 There are two laterally offset, water-filled cavities at the interface of 

aCT and the c-ring that allow for the reversible protonation of the ion-binding sites 

within the c-ring.6 To avoid the futile rotation of the enzyme, three EG peripheral stalks 

interact with the soluble subunits C, H and the extra-membranous N-terminal domain of 

subunit a (aNT).4,5,7 The V-ATP is regulated by a reversible disassembly mechanism.8 

Upon dissociation, the ATPase activity in the soluble V1 sector and proton translocation 

in membrane-embedded Vo sector are auto-inhibited9-12 (Figure IV.1B). Malfunction and 

dysregulation of V-ATPase are associated with several diseases such as Alzheimer, 

osteoporosis, osteopetrosis, infertility and renal disorders.1,2 
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The V-ATPase c-ring is encoded by three genes VMA3 (c), VMA11 (c’) and VMA16 

(c’’).13 Subunit c and c’ are made of 4 transmembrane domains (TMD) whereas c’’ is 

made of 5 TMD14. However, 4 transmembrane a-helices [c(H1-H4), c’(H1-H4) and 

c’’(H2-H5)] confer the cylindrical shape to the c-ring whereas the extra N-terminal a-

helix of c’’ (c’’-H1) resides in the central pore and is dispensable for assembly and 

function15. V-ATPase subunit c is a product of the duplication and fusion of the F-ATP 

synthase subunit c16. F-type subunit c is a 2 TMD hairpin that expose its N- and C-

termini to the same side of the membrane17. The F- and A-ATPases contain 

homooligomeric c-rings made of multiple copies of subunit c. Several homooligomeric c-

rings have been crystallized ranging from 8 up to 15 copies of subunit c17-29. The smallest 

prokaryote F-type c-ring corresponds to E. coli c10-ring whereas the largest c-ring 

corresponds to S. platensis c15-ring29. In contrast, the smallest eukaryotic F-type c-ring 

corresponds to mitochondrial B. taurus c8-ring24 whereas the largest c-ring corresponds to 

chloroplast P. sativa c14-ring28. At present, there are two crystallized V-like c-rings: E. 

hirae V-ATPase K10-ring21, and A. woodii F/V-ATP synthase c1(c2/3)9-ring26. The 

bioenergetic implication of the variable size among c-rings is represented by the H+/ATP 

ratio24. It has been speculated that ATP-function directionality of the eukaryote V-

ATPase is dictated by its low H+/ATP ratio when compared to a hypothetical F-type c-

ring of the same size. 

The ion-binding sites in the V-ATPase c-ring corresponds to 10 essential glutamates 

directly implicated in the proton translocation5,14. One proton will enter a cytoplasmic 

water-filled cavity to protonate an essential glutamate. Local microenvironments and 

residues forming the ion-binding pocket will stabilize the closed conformation of the 
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essential glutamate and the sub-step c-ring axial rotation exposing a new deprotonated 

glutamate in the entry cavity30,31. When the first proton completes 360º axial rotation, the 

essential glutamate will assume an open conformation and the proton will be ejected 

through a luminal water-filled cavity3,6. While the essential carboxylates in the F-, A- and 

bacterial V-ATPase c-rings are symmetrically radially distributed17-25,27-29, the eukaryote 

V-ATPase c8c’c’’-ring and the bacterial F/V-ATP synthase c1(c2/3)9-ring are 

asymmetric14,26. The essential glutamates in the yeast V-ATPase are contained in c-

H4(E137), c’-H4(E145) and c’’-H3(E108). We previously proposed that, in addition to 

an aNT:subunit d interaction, the asymmetric radial distribution of glutamates might play 

role in the auto-inhibition mechanism of Vo10-12. Recently, near-atomic resolution cryo-

EM structures of auto-inhibited Vo have confirmed the asymmetric glutamate 

disposition14 (Roh, Stam, et al, in preparation). Moreover, c’’ and c1 acquire a parking 

position interacting with the aCT in the auto-inhibited Vo.  

The higher complexity and regulation of the V-ATPase suggest functions beyond the 

canonical proton translocation32. There has been speculation that V-ATPase plays a role 

in vacuole fusion and spontaneous neurotransmitter release33-35. We previously 

demonstrated that isolated c-ring can act as a large-conductance ion-channel regulated by 

subunit d. Moreover, we showed that two c-rings form a dimer reminiscent of gap-

junction structures in solution32. However, high-resolution details and stability studies of 

the dimeric c-ring were still missing. 

Here we report the X-ray crystal structure of detergent-solubilized V-ATPase c-ring 

determined at a resolution of ~4 Å. Two c-rings interact promiscuously via their 

cytoplasmic loops to form a dimer. Dimeric c-ring stability was tested in 100 detergents 
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and in lipid bilayers suggesting that c-ring can form a stable gap-junction like structure in 

adjacent membranes. To test implications of the H+/ATP ratio in the V-ATPase 

holoenzyme, we generated a functional, synthetic F-like ring containing 20 isometric 

Vma3p ion-binding pockets. Our mutant demonstrates that proton pumping is not 

abolished in vivo. Interestingly, our data suggest that a Vma3p homoring would be 

functional. We asked how the V-ATPase c-ring stoichiometry is preserved in vivo. We 

found that Vma3p self-oligomerizes in vitro suggesting that Vma11p and Vma16p might 

be inserted first during biogenesis of the c8c’c’-ring to disrupt the formation of a c10-ring. 

Together, our structural, biochemical and genetic data suggest that c’’ generates 

functional barriers that confer unidirectional c-ring axial rotation and is implicated in the 

auto-inhibition of Vo.
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RESULTS 

V-ATPase c-ring structure 

We previously described a protocol to purify c-ring32 from detergent-solubilized Vo in 

milligram amounts10. Dimeric and monomeric c-ring were separated by size exclusion 

chromatography and we found that the ratio of dimer:monomer depended on the 

detergent’s critical micellar concentration (CMC). We modified our protocols to purify 

Vo and isolate c-ring using 9 different detergents (Supplemental Table S1). The empirical 

critical solubilization concentration (eCSC) depended on the CMC37. The 

monomer:dimer ratios were more distinct by using pure detergents (Supplemental Figure 

IV.S1). Although we attempted to crystallize monomeric c-ring, dimers were always 

observed in the crystal lattice. Therefore, the pure dimeric form was used in all 

subsequent crystallization experiments. The dimeric c-ring is a promiscuous protein that 

crystallizes in almost every single crystal condition independent from detergent length, 

nature and CMC. Our best crystals were obtained by using 5 mg/ml protein concentration 

and less than 1% of undecylmaltoside (UnDM) (Supplemental Table S3). Crystal packing 

was improved by dehydration and the used of octylthioglucoside (OTG) as an additive. c-

ring crystals diffracted X-rays anisotropically to between ~4 and ~7 Å and belonged to 

space group C2 (Supplemental Figure IV.S2). The anisotropic diffraction was a 

consequence of limited protein contacts (Supplemental Figure IV.S3). We elliptically 

truncated our X-ray data using the Diffraction Anisotropy Server (UCLA)38 and solved 

the c-ring structure by molecular replacement using the bacterial K10-ring21 as a search 

model. Table 1 summarizes the data collection and refinement statistics. Although several 

strategies were performed, we were not able to assign isoforms c’ (Vma11p) and c’’ 
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(Vma16p) in our X-ray data set. Our structural model in Figure IV.2 corresponds to an 

in-silico c10-ring. This terminology highlights the fact that predominant subunit c 

(Vma3p) structural information impedes other isoform position assignation (see 

discussion).  

The crystallographic asymmetric unit (ASU) is made of two monomeric c-rings 

contacting via their luminal loops (Figure IV.2A) to form a dimer (inter-dimeric contact). 

Then, two dimers contact via their cytoplasmic loops to form a second dimeric interface 

(intra-dimeric contact). The intra-dimeric structure aligns their central pores as a 

consequence of the loop inter-digitation that is reminiscent to gap-junction structures36. 

The height of the dimeric structure (14 nm) is almost the double of the monomeric 

structure (6.5 nm). The typical cylindrical shape and c-ring vortex are observed (Figure 

IV.2B and C). The inner ring is made of c-H1 and c-H3 whereas the outer ring is made of 

c-H2 and c-H4 (Figure IV.2C). The c-ring has an internal and external diameter of 4.8 nm 

and 8.2 nm, respectively. Vma3p is made of four transmembrane a-helices (H) and its N- 

and C-termini point towards the luminal side of the membrane (Figure IV.2D). The 

essential cE137 in helix 4 is in the closed conformation (Figure IV.2E) and stabilized by 

hydrogen bonds with cMet59 and cTyr66 (Figure IV.2F).  

 

Dimeric c-ring stability 

To improve the X-ray diffraction and assign c’ and c’’, we tested pH and detergent 

concentration in the crystal drops. Basic pH generated more fragile dimeric c-ring 

crystals when compared to acidic pH, but a neutral pH did not generate crystals (not 

shown). We lowered the detergent concentration39 in our preparations (Supplemental 
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Figure IV.S4). However, all tested conditions generated the same C2 space group and 

similar crystal pathology. In an attempt to disrupt the intra-dimeric contacts, we tested the 

effect of several detergents. Dimeric c-ring was isolated using UnDM and the effect of 96 

detergents was tested using BN-PAGE (Supplemental Table S2 and Supplemental Figure 

IV.S5). We found that 6 detergents disrupted the dimeric form into monomers. However, 

we were not able to reproduce the monomerization in a large preparation (Supplemental 

Figure IV.S6). Alternatively, we speculated that reconstitution of the dimeric c-ring into a 

lipid bilayer might disrupt hydrophobic and weak hydrogen bonds interaction as 

suggested from preliminary observations (Supplemental Figure IV.S7). Therefore, we 

reconstituted our solubilized dimeric c-ring into DOPC-containing nanodiscs (ND)12. 

Two peaks were separated by size exclusion chromatography (Figure IV.3A). The first 

peak (Fraction 61) contained empty ND whereas the second peak (Fraction 53) contained 

a high molecular weight c-ring containing ND as observed in silver stained SDS- and 

BN-PAGE gels (Figure IV.3C and D). Fraction 53 was visualized by negative stain EM 

confirming the presence of reconstituted dimeric c-ring similar to the detergent-

solubilized dimeric c-ring32 (Figure IV.3B). Taken together, the data suggest that c-ring 

dimerization is pH-dependent and surfactant-independent. 

 

Isometric Vma3p ion-binding pockets 

We recently showed (Roh, Stam, et al, in preparation) that V-ATPase function was 

abolished in a symmetrically radially distributed c-ring generated by switching the 

essential glutamate from c’’-H3 to c’’-H5 (16-switch, Supplemental Figure IV.S8). To 

further understand this phenotype, we saturated the glutamate plane to generate a c-ring 
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containing 20 glutamates (20Glu-ring) by sequential insertions (Supplemental Table 

IV.S4 and Supplemental Figure IV.S9). The same conditional lethality was observed in 

vivo (Figure IV.4A). Analysis of our published cryo-EM structure of Vo (Roh, Stam, et 

al, in preparation) allowed us to identify the presence of three asymmetrically radially 

distributed planes in the native c8c’c’’-ring: Met-, Glu- and Tyr-planes (Supplemental 

Figure IV.S10). These planes cross on our predicted Vma3p ion-binding pocket (Figure 

IV.2F). Our in-silico c10-ring inspired us to match the chemical environment in all 

introduced glutamates in terms of Vma3p accounting for cMet59 and cTyr66. The strain 

containing 17Met-18Glu-19Tyr-ring grew in YPD 60 mM Ca2+ at similar levels to the 

18Met-19Glu-19Tyr-ring whereas the strain with saturated 20Met-20Glu-20Tyr-ring 

presented significantly higher growth (Figure IV.4B). Thus, this mutagenesis data and 

exhaustive internal controls (Supplemental Figure IV.S9) suggest that a 20Glu-ring is re-

activated by matching the intrinsic and global symmetry of the ion-binding pockets. 

Alteration of the ion-binding pockets or glutamate angular distances would stop the c-

ring rotation and concomitantly generate the strong Vma- phenotype. 

 

Vma3p self-oligomerization 

The isometric Vma3p ion-binding pocket data suggested that a c10-ring similar to our in-

silico structure and bacterial K10-ring21 would generate a functional V-ATPase. However, 

deletion of VMA11 and VMA16 impedes c-ring biogenesis in vivo13. We asked whether 

the native c8-subcomplex is formed by Vma3p self-oligomerization40 in the absence of 

Vma11p and Vma16p. Therefore, Vma3p was N-terminal His-tagged for heterologous 

overexpression in E. coli (Supplemental Figure IV.S11). Although several expression 
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conditions were tested, Vma3p-His6 was found in inclusion bodies at all times 

(Supplemental Figure IV.S12A and B). The inclusion bodies were solubilized using 

sarkosyl (Supplemental Figure IV.S12C) and then diluted into buffer containing DDM 

prior to binding to the Ni2+-NTA column (see Material and Methods). Vma3p was eluted 

and detected by western blot using anti-His4. The smaller species corresponded to a 

monomer (18 kDa) whereas the largest species corresponded to a tetramer (72 kDa) of 

Vma3p. The detergent-solubilized Vma3p adducts were applied onto a glycerol gradient 

confirming the stability of the low molecular weight adducts and absence of high 

molecular weight species (Figure IV.5A). Interestingly, reconstitution of mixed Vma3p 

adducts into DOPC liposomes generated higher molecular species that were observed in 

silver-stained BN-PAGE gels (Figure IV.5B). This data suggests that Vma3p self-

oligomerization occurs spontaneously in solution and is improved in lipid membranes.
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DISCUSSION 

The V-ATPase is a dedicated nanomotor that utilizes ATP hydrolysis to pump protons 

into the lumen of organelles and the extracellular milieu of specialized cells in higher 

organisms1,2. The enzyme is regulated by a reversible disassembly mechanism8. Upon 

dissociation, the ATPase activity in the soluble V1 sector and proton translocation in 

membrane embedded Vo sector are auto-inhibited9-11. The molecular details of auto-

inhibition of Vo are not well-understood. Our laboratory previously proposed that auto-

inhibition of Vo might be a redundant process with several check-points10. We first 

determined that disruption of aNT (stator) and subunit d (rotor) interaction in the auto-

inhibited Vo did not lead to passive proton translocation10, in accordance to another study 

in vivo41. Isothermal titration calorimetry and mutagenesis studies further confirmed the 

interaction between aNT and subunit d 12. Simultaneously, we suggested that the 

asymmetrically radially distributed glutamates might play an additional role in the auto-

inhibition of Vo10. In this work, we investigated the physiological implications of the 

V1Vo-ATPase c-ring configuration. 

 

We first attempted to increase the structural information of the isoform containing c-

ring (c8c’c’’) by X-ray crystallography. Our published protocol allowed us to isolate the 

c-ring32 from pre-purified Vo10. Although we successfully crystallized the c-ring, we did 

not observe any improvement either in resolution nor packing by exchanging detergents 

in the S200 chromatography column. We speculated that mixed detergent micelles might 

obscure any improvement37. Therefore, we modified our protocols to purify Vo and 

isolated c-ring in 9 different detergents. C-ring crystallization was pH dependent but did 
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not depend on detergent alkyl chain length (DDM, UnDM and DM), headgroups (OG 

and OTG) or CMC (DDMNG, DMNG, OGNG, and C5NG). We focused on dimeric c-

ring crystallization because dimeric c-ring structures were consistently solved in the 

monomeric c-ring crystals. The dimeric c-ring is a promiscuous protein that crystallized 

in ~800 crystal conditions as fast as 1 hour up to 2 days. Although we controlled pH, 

PEG, temperature, protein and detergent concentration, we could not identify an external 

factor contributing to fast crystallogenesis. Nevertheless, our best crystals diffracted X-

ray anisotropically up to ~4 Å. Our X-ray data was elliptical truncated38 to include high 

resolution diffractions in one direction but lowering the noise in the perpendicular 

direction. We solved the c-ring structure by molecular replacement using the bacterial 

related K10-ring21 as a search model. Our model suggested that the V-ATPase c-ring is 

made of 10 subunits but we were unable to assign the isoforms c’ and c’’. Two c-rings 

interact to form two different dimeric contacts via their cytoplasmic (intra-dimeric 

contact) and luminal (inter-dimeric contact) loops (Figure IV.2A). 

Recent cryo-EM structures assigned the isoforms position within the c-ring in the 

auto-inhibited Vo14 (Roh, Stam, et al, in preparation). We speculate that the lack of X-ray 

structural information for c’ and c’’ within our crystals might be correlated to intrinsic 

disorder. On one hand, the inter-dimeric contacts seem to be isoform unspecific 

interaction driven by luminal loops. Such weak contacts seem to provoke the inclination 

of the dimers from a c-axis parallel to the central pores (Supplemental Figure IV.S3). On 

the other hand, it is conceivable that intra-dimeric cytoplasmic contacts are also isoform 

unspecific similar to hetero-gap-junctions. Thus, one c-ring can then be rotated against 

the other c-ring blending the structural information of c’ and c’’. Because the structural 
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information of subunit c represents 80% of structural information of the entire c-ring, the 

corresponding 10% structural information of c’ and c’’ would be hidden. It is also 

tempting to speculate that the origin of the observed severe anisotropy could be due to the 

excess of detergent micelles or the heterogeneity in the detergent belts or even in the 

dimeric structures. Taken together, we have solved a structure that contains 

hypothetically 10 copies of subunits c (in silico c10-ring, Figure IV.2B and C) as a 

consequence of intrinsic disorders within the crystal lattice.  

 

To gain structural information for c’ and c’’, we attempted to disrupt the c-ring 

dimerization. Dimerization in crystals can be driven by protein-protein, protein-detergent 

and protein-lipid contacts42-45. Because mutation of cytoplasmic loops could potentially 

affect biogenesis of Vo, we first tested the effect of the detergent nature46. The non-ionic 

detergent UnDM was used to isolate a large amount of dimeric c-ring. 4 µg of dimeric c-

ring in UnDM was mixed with 1 CMC of a secondary detergent, and samples were 

incubated to reach equilibrium. BN-PAGE showed the presence of monomers and dimers 

of c-ring in our control UnDM dimeric sample (Supplemental Figure IV.S5). We 

attempted to verify whether the presence of Coomassie G promoted the c-ring 

monomerization. However, our samples were not resolved in CN-PAGE, and hrCN-

PAGE obscured our results by the use of deoxycholate (DOC) in the cathode buffer (not 

shown). Nevertheless, 6 out of 96 detergents showed exclusively monomers in the BN-

PAGE. Although we used the UnDM and the secondary detergent (e.g. sarkosyl) mixture, 

we still isolated dimeric c-ring during size exclusion chromatography (Supplemental 

Figure IV.S6). It seemed that the effect observed in-gel had a contribution from the 
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electrical field. In our previous electrophysiological experiments32, we unidirectionally 

inserted the c-ring in the lipid bilayer and described fluctuations due to the movement of 

helices and loops within the c-ring. It is tempting to speculate that dimeric c-ring would 

be then modified by the applied current during native electrophoresis in the presence of 

certain detergents. Then, loops would potentially point towards the central pore 

abolishing c-ring dimerization. 

By using different alkyl length detergents during c-ring isolation, we sometimes 

observed the presence of wavy bands in SDS-PAGE suggesting the presence of lipids in 

different degree (Supplemental Figure IV.S7). To test whether dimerization depended on 

c-ring delipidation, we reconstituted our c-ring dimer into DOPC-containing lipid 

nanodiscs (ND)12. Size exclusion chromatography separated two discrete peaks (Figure 

IV.3). The first eluted peak contained a mixture of different size empty ND whereas the 

second eluted peak contained reconstituted dimeric c-ring ND that were visualized in 

SDS- and BN-PAGE, and by negative stain EM. This data suggests that dimerization 

does not depend on c-ring delipidation. It is worth to note that the reconstituted dimeric c-

ring seems to be more stable than the detergent-solubilized dimeric c-ring. The detergent-

solubilized dimeric c-ring was visualized as dimer and monomer whereas the 

reconstituted dimeric c-ring was visualized as solely dimers under the same BN-PAGE 

running conditions. In this regard, several groups have proposed that c-ring might form a 

stable dimer in adjacent membranes during neurotransmitter release or vacuole 

fusion34,35. We previously reported that c-ring acts as a large ion-conducting channel in a 

controlled in-vitro system32. Although our structural, biochemical and 

electrophysiological data could be extrapolated to a trans-channel opening process, 
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electrical recordings testing ion-translocation through the dimeric c-ring must be carried 

out to support the non-canonical functions of the V-ATPase.  

 

Our second aim was to understand how the canonical proton translocation occurs in 

the heterodecameric c-ring. The V-ATPase c-ring is encoded by three genes: VMA3 (c), 

VMA11 (c’) and VMA16 (c’’)13. Recent cryo-EM structures14 (Roh, Stam, et al, in 

preparation) demonstrated that the V-ATPase c-ring contains a gap in the glutamate 

plane that is a consequence of the position of c’’E108. Then, the essential glutamates in 

the eukaryotic V-ATPase c-ring are asymmetrically radially distributed, whereas the 

essential glutamates in the F-, A- and bacterial V-ATPase c-ring are equidistant. 

Previously, we generated a yeast V-ATPase c-ring with equidistant glutamates by 

switching the c’’E108 from helix 3 to helix 5 (c’’E108G/S192E) (Roh, Stam, et al, in 

preparation). The 16-switch mutant contained 10 equally spaced glutamates with a 36º 

angular distance. Interestingly, the c-ring axial rotation was suppressed in vivo 

(Supplemental Figure IV.S8). To further explore this phenotype, we generated a new 

symmetrically radially distributed c-ring by introducing 10 extra glutamates to saturate 

the essential glutamate plane (20Glu-ring).  

We inserted an extra glutamate in c (cG61E) by homologous recombination using 

Dvma3 (vma3D::URA3) strain as a background. To increase our chances to gain 

functional information, we substituted either c’ (Vma11p) or c’’ (Vma16p) by an Ura 

cassette (vma11D::URA3 or vma16D::URA3, respectively) to then insert the 

corresponding gene with an extra glutamate (c’G67E or c’’S192E). Insertion of cG61E 

generated an 18Glu-ring whereas consecutive insertion of c’G67E or c’’S192E generated 
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19Glu-rings. We consistently observed that homologous recombination efficiency was 

very low using Dvma16 strains when compared to related Dvma11 strains.  It is tempting 

to speculate that biogenesis of c-ring might start with interaction between aCT and c’’ in 

order to neutralize the positive charge of the strictly conserved arginine in subunit a 

(aR735). Therefore, the extra glutamate in c’’ might generate an unstable interaction or 

merely delay c-ring formation.  

To generate the 20Glu-ring, deletion and insertion of corresponding genes were 

performed using the 19-Glu rings. The 20Glu-ring (via c’ or c’’) contains 20 equally 

spaced glutamates with a 18º angular distance. None of the synthetic (18Glu-, 19Glu- or 

20Glu-) rings grew in YPD 60 mM Ca2+ indicating the absence of proton pumping and c-

ring axial rotation (Supplemental Figure IV.S9). Thus, we corroborated that a V-ATPase 

containing a symmetrically radially distributed glutamates c-ring is not functional by 

means of two independent strategies (glutamate switching and glutamate saturation).  

 

Our in-silico c10-ring suggests that the Vma3p intra-subunit ion-binding pocket 

involves cGlu137, cMet59, and cTyr66. Comparison between our crystal structure and 

our cryo-EM structure (Roh, Stam, et al, in preparation) lead us to identify the other ion-

binding pockets. On one hand, Vma11p inter-subunit ion-binding pocket involves 

c’Glu145, c’Met65, and c’Tyr72. On the other hand, Vma16p inter-subunit ion-binding 

pocket involves c’’Glu108, cPhe135, and cTyr142. The Vma11p ion-binding pocket is 

similar to Vma3p ion-binding pocket. On the other hand, cMet59 in Vma3p ion-binding 

pocket is replaced by cPhe135 in the Vma16p ion-binding pocket disrupting the global 

ion-binding pockets symmetry and potentially changing the pKa values of the 



	 177 

corresponding glutamates. Therefore, the V-ATPase contains 3 subunit c isoforms but 

only 2 ion-binding pocket types. Thus, Vma16p provokes the asymmetric radial 

distribution of the critical Met-, Glu- and Tyr-planes (Supplemental Figure IV.S10). 

Unexpectedly, re-analysis of our mutagenesis data suggested that the 8 extra 

glutamates in our lethal 18Glu-ring generated 8 Vma16p-like ion-binding pockets. It 

seemed that alternation of multiple Vma3p and Vma16p-like ion-binding pockets 

abolished the c-ring axial rotation. Furthermore, the glutamate in our lethal 16-switch 

mutant generated a native Vma16p ion-binding pocket as well. We speculate that c-ring 

axial rotation might require one Vma3p ion-binding pocket next to one Vma16p ion-

binding pocket. 

Based on our mutagenesis data and comparison among V- (Roh, Stam, et al, in 

preparation) and V-like21,26 ion-binding pockets -see chapter 5-, we concluded that lack 

of functionality in the symmetrically radially distributed c-rings might be a consequence 

of the intrinsic and global disturbances of ion-binding pockets. Because (i) the addition of 

Vma16p ion-binding pockets generated a non-functional c-ring and (ii) the most 

abundant ion-binding pocket (90%) in the native yeast V-ATPase is subunit c (Vma3p), 

we decided to unify the chemical environment in terms of Vma3p. We then engineered 

20 isometric Vma3p ion-binding pockets by accounting for the presence of cMet59, 

cE137 and cTyr66.  

3 consecutive mutants were generated to saturated the 9Met-, 10Glu- and 19Tyr-

planes in the 20 hairpins. First, we inserted the double mutant cG61E/F135M to generate 

a 17Met-18Glu-19Tyr-ring. Second, the insertion of c’G67E/F143M generated a 18Met-

19Glu-19Tyr-ring. Finally, the insertion of the quadruple mutant 
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c’’F106M/F190M/S192E/L197Y generated a 20Met-20Glu-20Tyr-ring. The spatial 

disposition of the 20Met-20Glu-20Tyr-ring can be correlated to a synthetic F-ATP 

synthase c-ring, we will refer this c-ring as the V-to-F ring.  

The 17Met-18Glu-19Tyr-ring grew in YPD 60 mM Ca2+ at similar levels than the 

18Met-19Glu-19Tyr-ring whereas the V-to-F ring grew significantly better demonstrating 

its assembly and functionality in vivo (Figure IV.4B). Therefore, the c-ring axial rotation 

depended on the intrinsic and global properties among the ion-binding pockets. The 

presence of Vma16p ion-binding pockets might lower the proton pumping efficiency of 

the Vma3p H+-binding pocket oligomer (c8c’ sub-complex). 

Together, our mutagenesis data support our hypothesis that the Met- Glu- and Tyr-

planes function as rails allowing c-ring axial rotation (Roh, Stam, et al, in preparation). 

Perhaps, the asymmetrically radially distributed planes would intrinsically affect essential 

glutamate pKa values exacerbated by local microenvironment changes30. It is tempting to 

speculate that V-ATPase c-ring would partially deaccelerate every time that 

c’’E108:c’E137 pair is in contact with the aR735 (Roh, Stam, et al, in preparation) -see 

chapter 5. Release of this energetic minimum state would then depend on the central 

stalk torque. In contrast, Vo would be auto-inhibited state in the absence of torque energy 

(dissociation of V1). The reverse rotation (from c’’ to c’) in the presence of V1 might be 

impeded by luminal cavity modulators47, helix swiveling of the subunit a core 48 or the 

longer distance between c’ and c’’ glutamates when compared to c (Roh, Stam, et al, in 

preparation). 
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Finally, we asked how the c8-subcomplex is formed in vivo. Because Dvma11 and 

Dvma16 are conditionally lethal in yeast13, we decided to test Vma3p self-

oligomerization in vitro. We overexpressed the N-terminal His6-tagged Vma3p in E coli. 

Our protein was in found in inclusion bodies and our yield was very low (~100 µg per 

liter of media). Complete solubilization was accomplished by using sarkosyl and several 

Vma3p adducts were detected by using a His4-antibody. According to the calculated 

mass, we identified stable monomeric, dimeric, trimeric and tetrameric Vma3p (Figure 

IV.5A). Reconstitution of these adducts into DOPC liposomes resulted in the formation 

of large oligomeric species. The bands in the 4-10% BN-PAGE might represent the 

monomer and dimer of a potential c10-ring displaying the same behavior as the native 

c8c’c’’-ring. This data suggests that subunit c could self-oligomerize to form a 

homooligomeric c-ring similar to the bacterial K10-ring21 and our in silico c10 structure. 

We speculate that the V-ATPase c-ring formation might proceed through two events in 

vivo: Vma3p self-oligomerization to form the c8-subcomplex, and assisted-attachment of 

c’ and c’’. Perhaps, c’’ might first bind subunit a to neutralize the charge of the essential 

glutamate (c’’E108) and the strictly conserved arginine (aR735). Then, the assembly 

factor Vma21p will place c’ in position1 and c will self-oligomerize to close the ring.  

In summary, we solved the structure of the isoform containing c-ring at ~4 Å. Two c-

rings interact via their cytoplasmic loops aligning their central pores. The loss of X-ray 

diffraction information of c’ and c’’ suggested that cytoplasmic contacts are not isoform 

specific. Nevertheless, the subunit c ion-binding pocket was undoubtedly assigned and 

used to design a functional 20 glutamate c-ring. While the functional ATPase activity was 

documented in vivo, passive proton translocation in vitro is still under investigation in our 
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laboratory. Finally, we found that subunit c self-oligomerizes to form stable adducts in 

solution, and generates larger species in a lipid environment. Together, c’’ disrupts the 

structural and functional properties of the c8c’-subcomplex playing an important role in 

the unidirectional V-ATPase c-ring rotation and in the redundant auto-inhibition 

mechanism of Vo. Understanding the molecular details of Vo regulation would allow us 

to rationally design drugs to ameliorate V-ATPase related diseases.
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EXPERIMENTAL PROCEDURES 

Materials. All detergents in Supplemental Table S1 were from Anatrace. DOPC was 

purchased from Avanti. Detergent screen in Supplemental Table S2 was crystallographic 

grade from Hampton Research. PDVF was from Millipore. Polystyrene BioBeads were 

purchased from BioRad. All other reagents were analytical grade from Sigma-Aldrich. 

 

Protein purification. We modified our published protocols to purify yeast Vo10 in 9 

different detergents considering the critical solubilization concentration (CSC) and the 

critical micellar concentration (CMC)37. Briefly, biomass was increased by using YPD 

(1% yeast extract, 2% peptone, 4% glucose) during the fermentation process of the C-

terminal CBP-tagged Vph1 strain. Extraction of Vo was performed in microscale 

volumes to determine the empiric CSC. All buffer systems were similar to previously 

reported except that 2 CMC of detergent was used at all times. 10 mg of cellular 

microsomal fraction were diluted to 1 ml using 25 mM TRIS pH 8 and 500 mM sorbitol. 

The empiric CSCs in Supplemental Table S1 was obtained by testing 0.2, 0.4, 0.6, 0.8 

and 1 mg of detergent per mg of total membrane protein. Samples were gently agitated 

for 1 hour at 4 ºC and clarified at 355,000 x g for 20 min at 4 ºC. Supernatant was 

collected and supplemented with 4 mM CaCl2 prior binding to 100 µl of Ca2+-CaM beads 

for 1 hour at 4 ºC. Beads were then spun down and washed in presence and in the absence 

of 150 mM NaCl. Elution was performed in batch using 1 ml containing 10 mM CDTA 

as chelator. 500 µl of elute was precipitated in cold TCA, rinsed in cold water and 

resuspended in SDS-cracking buffer. Samples were run in 13% SDS-PAGE, blotted onto 

PDVF membranes and probed against anti-Vph1p in an alkaline-phosphatase coupled 
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assay. Macroscale yeast c-ring was isolated from pre-purified Vo by treatment with 

LPPG + sarkosyl, and dimeric species were further purified by size exclusion 

chromatography as described previously32. Detergent and protein concentrations were 

determined during all steps and ~1% of detergent was kept in the final dimeric sample. If 

required, detergent was removed by biobeads (Supplemental Figure IV.S4) or diluted 

using the buffer without detergent. 

 

Crystallization, data collection and structure determination. Dimeric c-ring solution (1 

µl: 5 mg/mL) in buffer containing 10 mM TRIS-HCl (pH 8), 0.5 mM CDTA, 2 mM 

TCEP, <1% undecylmaltoside was incubated overnight at room temperature. Sample was 

then supplemented with 0.2 µl octylthioglucoside (10% stock), and immediately mixed 

the reservoir solution (1 µl) containing 100 mM sodium cacodylate pH 6.5, 100 mM 

CaCl2 and 7.8% PEG 4000. Crystals grew in sitting drops by vapor diffusion at 18 ºC and 

appeared after 2 days and grew to a maximum dimension of (50 x 50 x 25 µm3) after 3 

days. Crystal dehydration was achieved by partially detaching the coverslip overnight and 

crystals were flash frozen in liquid nitrogen. X-ray data sets using different detergents 

were collected from single crystals at cryogenic temperature (100K) on beam-lines A1 

and F1 at MacCHESS, Cornell. The data was elliptical truncated using the Diffraction 

Anisotropic Server (UCLA)38 and indexed in HKL200049 to estimate the cell dimensions 

(Supplemental Table S3). Data sets were integrated using the HKL2000 software 

package49 and further processed in CCP450 and Phenix51. The c-ring structure was 

determined by using crystals from protein purified in UnDM. Crystal belongs to the space 

group C2 with cell dimension a = 187 Å, b = 112 Å and c = 273 Å. The structure was 
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solved by molecular replacement using the bacterial K10-ring (2BL2.pdb)21 as search 

model and the atomic model was refined by serial iteration in COOT52. Structural models 

were generated in Chimera53. 

 

In-gel monomerization. Vo was isolated using UnDM and all buffers contained 2 CMC 

UnDM. The final c-ring sample was concentrated to ~3 mg/ml and separated by size 

exclusion chromatography on a Sephadex 200 column (16 x 300 mm) attached to an 

AKTA-FPLC using 10 mM TRIS, pH 8, 2 mM TCEP, 0.5 mM CDTA, 0.06% UnDM at 

0.6 ml/min. Protein and detergent concentrations for the dimeric pool was 4 mg/ml and 

0.7% UnDM. 1 µl of dimeric c-ring was mixed with 1 CMC of a secondary detergent (10 

CMC stocks as in Supplemental Table S2) and equilibrated at room temperature for 4 

hours. Samples were immediately run in 4à10% BN-PAGE (Coomassie G)54 at constant 

80 mA for 4 hours at 4 ºC. Gels were destained in 10% acetic acid and scanned. 

 

Reconstitution into lipid nanodiscs. Reconstitution was performed as previously 

described12 with the following modifications. Briefly, 3 mg of DOPC were solubilized 

with 1.5% DDM (considering the detergent content in the dimeric sample) for 10 min at 

room temperature in a 2 ml sample. Dimeric c-ring (750 µg) and MSP (2 mg) were added 

to the mixed micelles and incubated for 1 hour at room temperature. Then, UnDM was 

removed by adding 0.8 g biobeads and incubating for 2 hours at room temperature with 

gentle agitation. Samples were separated by size exclusion chromatography in on 

Sephadex 200 (16 x 300 mm) using 10 mM TRIS pH8, 150 mM NaCl, 0.5 mM EDTA. 
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Fractions were run in 13% SDS-PAGE and 4à10% BN-PAGE, and gels were silver 

stained. 

 

Isometric ion-binding site analysis. pRS316 plasmid containing VMA3, VMA11 and 

VMA16 genes were subjected to site directed mutagenesis by QuickChange (Stratagene). 

Supplemental Table S4 compiles primers used during mutagenesis to (i) replace VMA11 

and VMA16 by a URA3 cassette, (ii) introduce one extra glutamate per subunit 

(VMA3_G61E, VMA11_G67E and VMA16_S192E), and saturate the Met-, Glu- and 

Tyr-planes (see text for further details; VMA3_G61E/F135M, VMA11_G67E/F143M 

and VMA16_F106M/F190M/S192E/L197Y). Mutations were confirmed by DNA 

sequencing (Eurofins) using the corresponding Open Reading Frame (ORF) primers 

described in Supplemental Table S4. PCR using the reverse and forward ORF_ VMA3 

primers isolated the URA3 cassette flanked by VMA3 ends. Mutants plasmids were 

digested using restriction enzymes EcoRI and BceA1 (VMA3), HindIII and XbalI 

(VMA11), and EcoRI and NcoI (VMA16) to generate ~1.6kb, ~1.8kb and ~2kb 

fragments, respectively. Fragments were gel-purified and transformed into wild type 

yeast cells for homologous recombination according to lineage scheme in Supplemental 

Figure IV.S9. The haploid S. cerevisiae SF838-ID strain, in which VMA3 was replaced 

by insertion of the URA3 cassette (MATa, ade6, leu2-3, leu2- 112, ura3-52, pep4-3, 

gal2; tfpl-D8; vma3D::URA3) was used as master background. Transformants were 

counter-selected against URA3 by their ability to grow on FOA plates and inability to 

grow on SD-Ura pH5 plates. False positives were discarded after PCR and VMA3, 

VMA11 and VMA16 genes were sequenced in final clones. Mutation reversion were 
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discarded by re-sequencing 15 strains after 4 weekly streaks in YPD, pH5, in a blind 

experiment. 

 

Spot test. To test growth effect, cells were grown in YPD pH5 liquid media to 

0.7<OD600<1. One OD was pelleted, washed and resuspended to the same density. 1:10 

serial dilutions were spotted onto restrictive media (YPD pH7 60 mM CaCl2, YPD 4 mM 

ZnCl2, and SD -Ura), semi-restrictive media (YPD 60 mM CaCl2 and YPD pH7) and non-

restrictive media (YPD pH5 and SD + all amino acids) using 50 mM MES as buffer 

system. Plates were incubated at 30 °C and scanned from day 3 to day 7. Temperature 

sensitivity was tested at 20 ºC and 37 ºC, however no significant differences were 

observed. Subtle changes were primarily observed in YPD + 60 mM Ca2+ and these 

results are presented in this study. 

 

Subunit c self-oligomerization. VMA3 was cloned from WT yeast genomic DNA and 

flanked by Nde1 and Xho1 in the 5’- and 3’-ends, respectively. The primers used in this 

reaction are described in Supplemental Table S4. A poly-A ~0.5 kb PCR product was 

transformed into the pGEM-T (Promega) and the digested using the introduced cut sites. 

Digested product was gel purified and inserted into pET28a plasmid (Addgene) to 

generated a C-terminal His6-tag Vma3p. Plasmids from Kanamycin resistant colonies 

were subcloned into R2DE3 plySS cells. Absence of point mutations in Vma3p-His6 was 

confirmed by DNA sequencing (Eurofins) using the plasmid intrinsic T7 site. Vma3p-

His6 cells were grown in LB media to reach a OD600 = 0.8, and then induced by 0.3 mM 

IPTG for 4 hours at 37ºC. Cells were harvested and resuspended into 25 mM TRIS-HCl 
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pH8, 0.5 mM EDTA. Cells were disrupted by two passes in a French Press at 1500 p.s.i. 

in the presence of lysozyme and DNAse. Inclusion bodies were recovered by 

centrifugation at 10,000 x g for 10 min at 4ºC. Total protein concentration was 

determined and pellets were kept at -80ºC until use. Inclusion bodies were thawed and 

diluted to 10 mg/ml and gently solubilized by Sarkosyl at a ratio 2 mg/mg for 1 hour at 

4ºC. Insoluble material was removed by ultracentrifugation (120,000 x g/ 1 H /4ºC/ Ti70) 

and supernatant was quickly diluted by 9 volumes of buffer containing 4 CMC UnDM. 

Protein was bound to a Ni-NTA column at room temperature, washed with 10 CV and 

eluted using 25 mM TRIS-HCl pH8, 0.5 mM EDTA, 250 mM Imidazole. Samples were 

run in a 10% SDS-PAGE and stained with Coomassie R. The peak elution fraction was 

subject to a step 15%-35% glycerol gradient and centrifuged at 120,000 x g for 16 hours 

at 4 ºC using the SW40Ti rotor. Gradient fractionation was performed from bottom to top 

and samples were analyzed by western blot using a AP- or HRP-coupled His4-antibody. 

In an independent preparation, Vma3p adducts were reconstituted into DOPC-liposomes 

as described previously. Protein oligomeric state was determined solubilizing the 

proteoliposomes with 1% DDM and observed on a silver-stained 4-10% BN-PAGE gel. 

 

Detergent adsorption. Biobeads were activated as recommended in the literature55. 

Briefly, biobeads were equilibrated in 10 mM TRIS pH 8, 10 mM BME, 0.5 mM CDTA; 

degassed under vacuum for 4 hours and kept at 4 ºC until use. Different amounts of 

biobeads were added to the c-ring extracted in DDM and incubated at room temperature 

with gently agitation. Time-point samples were taken and flash-frozen to determine 
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protein and detergent concentration. Data points were correlated to a simple decay curve 

in KaleidaGraph. 

 

Detergent and protein concentration. Detergent concentration was determined by 

measuring sugar moiety concentration as described elsewhere56. Briefly, samples (1 µl) 

were incubated with 75% H2SO4 (806 µl from a concentrated stock) for 20 min at room 

temperature to generate furfural derivatives. Then, 1.5% phenol (156 µl from a 5% stock) 

was added to produce a yellow complex57 and its absorbance was measured at 480 nm 

upon 10 min incubation at room temperature. Protein concentration was measured by the 

bicinchoninic acid assay and improved by TCA as in reference 58. Testing detergents and 

albumin were used as standards.
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FIGURE IV.1. V-ATPase subunit composition and regulation. (A) Schematic of V-
ATPase architecture. The rotor sub-complex DFd links the ATPase activity of the 
heterohexamer A3B3 to the c8c’c’’-ring axial rotation and concomitant proton translocation. 
There are two water-filled cavities at the interface of aCT and the c-ring. The futile rotation 
is counteracted by the presence of three peripheral stalks (EG1-3) that interact with aNT, 
subunit C, and H. (B) The enzyme is regulated by a reversible disassembly mechanism by 
which ATPase activity and proton translocation are auto-inhibited.
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FIGURE IV.2. In silico c10-ring structure. (A) Crystals contain dimers of the c-ring. The 
intra-dimeric contact is established by inter-digitation of the cytoplasmic loops aligning the 
central cavities, whereas inter-dimeric contacts are established by luminal loop interactions 
(B) Side- and (C) top-view of monomeric c-ring made of 10 copies of (D) subunit c. (E) 
All essential glutamates are in closed conformation interacting with (F) Met59 and Tyr66 
to form the H+-binding pocket. 
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FIGURE IV.3. Dimeric c-ring in flat lipid membranes. Dimeric c-ring was reconstituted 
into DOPC-containing nanodiscs. (A) Two discrete peaks were resolved in a S200 
chromatography column. (B) The peak Fraction 53 contained dumb-bell shape structures 
that were observed under negative stained EM. (C) SDS- and (D) BN-PAGE suggested the 
presence of dimers of c-ring. The asterisk in D marks the reconstituted monomeric c-ring 
level. 
  

 
 

. 
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FIGURE IV.4. Isometric Vma3p ion-binding pockets. (A) The saturation of the 
glutamate plane generated a non-functional c-ring whereas (B) the consecutive insertion of 
isometric H+-binding pockets rescued the strong phenotype. For extended screen see 
Supplemental Figure S9. 
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FIGURE IV.5. Vma3p self-oligomerization in vitro. Vma3p was His-tagged and 
overexpressed in E. coli. (A) Several stable, small adducts were detected after a glycerol 
gradient by silver stain (top) or western blot using anti-His4 (bottom). (B) Vma3p 
oligomerization was improved after reconstitution into DOPC liposomes as suggested by 
high molecular bands observed in BN-PAGE. Detergent solubilized dimeric c-ring was 
used as MW standard -not shown. The stoichiometry assignation considered that the 
glycine content in the inner ring is responsible for a fix stoichiometry as suggested by 
Preiss, et al 25, Müller, et al 59 and our crystal in silico c10-ring (Figure 2). 
  



	 203 

 
 

SUPPLEMENTAL FIGURE IV.S1. Dimers and monomers in a maltoside detergent series. The Vo extraction and consecutive c-
ring isolation in pure detergent generated a Dimer:Monomer ratio depending on maltoside length and CMC. The asterisks denote c-ring 
aggregates.
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SUPPLEMENTAL FIGURE IV.S2. V-ATPase c-ring X-ray diffraction anisotropy. 
Comparison between the (A) real and (B) reciprocal space shows that X-ray diffraction is 
anisotropic in the a and b-axes direction (panel A, right). See Supplemental Figure IV.S3.
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SUPPLEMENTAL FIGURE IV.S3. Self-rotation function. (A) The polar 
representation of the self-rotation function at k = 180º suggests that intra-c ring, local 2-
fold symmetry axis is offset from the crystallographic c-axis. (B) Representation in real 
space demonstrates that aligned central pores within one c-ring dimer (dotted box) are 
parallel to the c-axis (perpendicular to the plane). However, proximal dimers are offset 
from the c-axis.
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SUPPLEMENTAL FIGURE IV.S4. Detergent removal. (A) Absorptivity curves demonstrated that polystyrene beads can absorb up 
to 10% of their dry weight of detergent. (B) The detergent from a c-ring preparation was removed by polystyrene beads and protein 
concentration was estimated simultaneously. Protein concentration (dotted) trace suggested that c-ring was not adsorbed during detergent 
removal. DDM, CMC = 0.01%. 
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SUPPLEMENTAL FIGURE IV.S5. Monomerization of the dimeric c-ring by detergents. 96 detergents (see Supplemental Table 
S2) were added to DDMNG-solubilized dimeric c-ring and their effect was followed by 4 à 10% BN-PAGE. Asterisks indicate 
detergents that promote monomerization.
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SUPPLEMENTAL FIGURE IV.S6. Scaling-up of c-ring monomerization. Lauryl 
Sarcosinate was one of the detergents that generated monomers in BN-PAGE (red asterisk 
in Supplemental Figure IV.S5). An undecylmaltoside (UnDM)-solubilized dimeric c-ring 
was incubated with the indicated CMC of sarkosyl and separated using a S200 
chromatography column. For CMC values refer to Supplemental Table S2. 
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SUPPLEMENTAL FIGURE IV.S7. Lipids in the monomeric c-ring. Wavy bands in 
monomeric fractions suggested the presence of lipids. The absence of similar 
electrophoretical behavior in the dimeric c-ring suggests that delipidation is required to 
promote dimerization.
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SUPPLEMENTAL FIGURE IV.S8. Symmetric V-ATPase c-ring by 16-switch. (A) 
The presence of c’’ disrupts the symmetric radial distribution of the essential glutamate in 
the c-ring. (B) The essential c’’E108G was switched from Helix 3 to Helix 5 (red asterisk 
in A). The 16-switch and internal controls were tested for Vma- phenotype. (Figure 
prepared for Roh, N. Stam, et al, unpublished). 
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SUPPLEMENTAL FIGURE IV.S9. Saturation of the glutamate-plane strategy. The lineage of insertions and deletions started with 
the background strain vma3D::URA3. Primers are listed in Supplemental Table S4. 
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SUPPLEMENTAL FIGURE IV.S10. The Met-, Glu- and Tyr-planes in the c8c’c’’-
ring. The presence of c’’ disrupts the symmetric distribution of residues involved in the 
predominantly subunit c ion-binding pocket. The red triangles indicate the missing residues 
to produce a symmetric distribution. The red and black triangle pair (right center) indicates 
the extra glutamate that must be switched to produce a symmetric Glu-plane.  
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SUPPLEMENTAL FIGURE IV.S11. Sequence of the Vma3p-His6. Vma3p (a-helices 
in blue cylinders and loops in black lines) was N-terminally tagged with a hexa-His peptide 
(red box) and a thrombin cleavage site (purple box) was inserted between the two entities 
(estimated MW = 18.3 kDa).
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SUPPLEMENTAL FIGURE IV.S12. Overexpression of the Vma3p-His6 in E. coli. 
(A) Expression test of Vma3p-His6 in E. coli. Minimal expression condition corresponded 
to 0.3 mM IPTG at 37 ºC for 4 hours. (B) Centrifugation test indicated that Vma3p-His6 
was in inclusion bodies. (C) The detergent solubilization curve demonstrated that 2 mg of 
sarkosyl / mg of total protein was enough to extract Vma3p-His6 from the inclusion bodies. 
10% SDS-PAGE gels were run, blotted and tested against (A) AP- or (B and C) HRP-
coupled anti-His4.
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SUPPLEMENTAL TABLE IV.S1. Empiric Critical Solubilization Concentration 
(eCSC1) 

 

 
1 CSC is defined as the required detergent concentration to ensure one detergent belt and 
one free micelle. 
 
2 CMC values in water as reported by Avanti Polar Lipids. 
 
3 eCSC is defined as the minimum detergent concentration to isolate the maximum amount 
of a multi-subunit protein from membranes. In our experiments, we follow Vo presence by 
western blot –see Materials and Methods for further information. 
 
4 Not included in the Hampton Research Screen (Supplemental Table S2). 
  

Detergent CMC2 mg detergent / mg protein eCSC3 eCSC/CMC 

OG 0.58% 0.8 0.8% 1.4 

OTG 0.28% 0.4 0.4% 1.4 

DDM 0.01% 0.4 0.4% 40 

UnDM 0.03% 0.6 0.6% 20 

DM 0.09% 0.8 0.8% 8.9 

DDMNG4 0.001% 0.6 0.6% 400 

DMNG4 0.003% 0.4 0.4% 133.3 

OGNG4 0.058% 0.6 0.6% 10.3 

C5NG4 0.006% 0.8 0.8% 66.7 
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SUPPLEMENTAL TABLE IV.S2. Detergent Screen 
 
 
Code Name CMC (Stock) Type 

1 BAM 10% Ionic 

2 n-Dodecyl-b-iminodipropionic acid, 
monosodium salt 50 mM Ionic 

3 Dodecyltrimethylammonium chloride 0.46 mM Ionic 

4 CTAB 10.0 mM Ionic 

5 Deoxycholic acid, sodium salt 60.0 mM Ionic 

6 Sodium dodecyl sulfate 80.0 mM Ionic 

7 Sodium cholate 140.0 mM Ionic 

8 Sodium dodecanoyl sarcosine 144.0 mM Ionic 

9 ANAPOE® -X-305 10% Non-ionic 

10 IPTG 10% Non-ionic 

11 n-Hexadecyl-b-D-maltoside 0.006 mM Non-ionic 

12 ANAPOE® -58 10% Non-ionic 

13 n-Tetradecyl-b-D-maltoside 0.10 mM Non-ionic 

14 ANAPOE® -80 10% Non-ionic 

15 n-Tridecyl-b-D-maltoside 0.33 mM Non-ionic 

16 ANAPOE® -C12E9 0.50 mM Non-ionic 

17 ANAPOE® -20 10% Non-ionic 

18 Thesit® 0.90 mM Non-ionic 

19 ANAPOE® -35 10% Non-ionic 

20 ANAPOE® -C13E8 10% Non-ionic 
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21 ANAPOE® -C12E8 1.1 mM Non-ionic 

22 n-Dodecyl-b-D-maltoside 1.7 mM Non-ionic 

23 CYMAL® -7 1.9 mM Non-ionic 

24 ANAPOE® -X-114 10% Non-ionic 

25 ANAPOE® -C12E10 10% Non-ionic 

26 Sucrose monolaurate 3.0 mM Non-ionic 

27 CYMAL® -6 5.6. mM Non-ionic 

28 n-Undecyl-b-D-maltoside 5.9 mM Non-ionic 

29 ANAPOE® -X-405 10% Non-ionic 

30 TRITON® X-100 9.0 mM Non-ionic 

31 ANAPOE® -C10E6 10% Non-ionic 

32 n-Decyl-b-D-thiomaltoside 9.0 mM Non-ionic 

33 Octyl maltoside, uorinated 10.2 mM Non-ionic 

34 ANAPOE® -C10E9 10% Non-ionic 

35 Big CHAP, deoxy 14.0 mM Non-ionic 

36 n-Decyl-b-D-maltoside 18.0 mM Non-ionic 

37 LDAO 20.0 mM Non-ionic 

38 n-Decanoylsucrose 25.0 mM Non-ionic 

39 n-Nonyl-b-D-thioglucoside 1.5 mM Non-ionic 

40 n-Nonyl-b-D-thiomaltoside 32.0 mM Non-ionic 

41 CYMAL® -5 50.0 mM Non-ionic 

42 n-Nonyl-b-D-maltoside 60.0 mM Non-ionic 
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43 n-Nonyl-b-D-glucoside 65.0 mM Non-ionic 

44 HEGA® -10 70.0 mM Non-ionic 

45 MEGA -10 70.0 mM Non-ionic 

46 C8E5 71.0 mM Non-ionic 

47 CYMAL® -4 76.0 mM Non-ionic 

48 C8E4 80.0 mM Non-ionic 

49 n-Octyl-b-D-thiomaltoside 85.0 mM Non-ionic 

50 n-Octyl-b-D-thioglucoside 90.0 mM Non-ionic 

51 Hexaethylene glycol monooctyl ether 100.0 mM Non-ionic 

52 DDAO 104.0 mM Non-ionic 

53 C-HEGA® -11 115.0 mM Non-ionic 

54 Pluronic® F-68 10% Non-ionic 

55 HECAMEG® 195.0 mM Non-ionic 

56 n-Octyl-b-D-glucoside 200 mM Non-ionic 

57 Sulfobetaine 3-10 250 mM Zwitterionic 

58 MEGA-9 250 mM Non-ionic 

59 2,6-Dimethyl-4-heptyl-b-D-malto-pyranoside 275.0 mM Non-ionic 

60 n-Heptyl-b-D-thioglucopyranoside 290.0 mM Non-ionic 

61 n-Octyl-b-D-galactopyranoside 0.10% Non-ionic 

62 CYMAL® -3 345.0 mM Non-ionic 

63 C-HEGA® -10 350 mM Non-ionic 

64 HEGA® -9 390.0 mM Non-ionic 
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65 Dimethyloctylphosphine oxide 400.0 mM Non-ionic 

66 MEGA-8 790.0 mM Non-ionic 

67 C-HEGA® -9 1.08 M Non-ionic 

68 HEGA® -8 1.09 M Non-ionic 

69 CYMAL® -2 1.20 M Non-ionic 

70 n-Hexyl-b-D-glucopyranoside 2.50 M Non-ionic 

71 C-HEGA® -8 6.60% Non-ionic 

72 CYMAL® -1 10% Non-ionic 

73 NDSB-195 0.5 M Zwitterionic 

74 NDSB-201 0.5 M Zwitterionic 

75 NDSB-211 0.5 M Zwitterionic 

76 NDSB-221 0.5 M Zwitterionic 

77 NDSB-256 0.5 M Zwitterionic 

78 ZWITTERGENT® 3-14 4.0 mM Zwitterionic 

79 n-Dodecyl-N,N-dimethylglycine 15.0 mM Zwitterionic 

80 FOS-Choline® -12 15.0 mM Zwitterionic 

81 FOS-Choline® -8, uorinated 22.0 mM Zwitterionic 

82 n-Undecyl-N,N-Dimethlamine-oxide 32.1 mM Zwitterionic 

83 ZWITTERGENT® 3-12 40.0 mM Zwitterionic 

84 DDMAB 43.0 mM Zwitterionic 

85 FOS-MEA® -10 52.5 mM Zwitterionic 

86 CHAPS 80.0 mM Zwitterionic 
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87 CHAPSO 80.0 mM Zwitterionic 

88 FOS-Choline® -10 110.0 mM Zwitterionic 

89 n-Decyl-N,N-dimethylglycine 190.0 mM Zwitterionic 

90 FOS-Choline® -9 395.0 mM Zwitterionic 

91 ZWITTERGENT® 3-10 400.0 mM Zwitterionic 

92 CYCLOFOSTM -3 430.0 mM Zwitterionic 

93 FOS-Choline® -8 114 mM Zwitterionic 

94 ZWITTERGENT® 3-08 10% Zwitterionic 

95 LysoFosTM Choline 12 7.0 mM Lipid 

96 LysoFosTM Choline 10 70.0 mM Lipid 

 
Code numbers correspond to the BN-PAGE analysis in Supplemental Figure IV.S5.
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SUPPLEMENTAL TABLE IV.S3. Detergent length versus Unit cell parameters 
 
 

 DDM UnDM DM 

[Detergent] >1% 0.9% 1.2% 

Space Group C2 C2 C2 

a 207 Å 188 Å 187 Å 

b 122 Å 112 Å 111 Å 

c 273 Å 273 Å 270 Å 
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SUPPLEMENTAL TABLE IV.S4. Primers list 
 

NAME FORWARD REVERSE REF 

ORF vma3 GTGGTTAAGTGATTGACTGACCC GTAAGAATAGGGGCTATAAACAAT
CTCTAAGATG This study 

ORF vma11 TGAAAGAGTGATTAGTTAGAAAAAGG
AACATAGAT 

GAACCCCGTATGATATACCTTCTTT
CG This study 

ORF vma16 CTCACCGGAAGGCGAATAAAATAC TGCGCTTATCTAGCTCGTAAAAACG 1 

vma11::URA3 
GCAAGAGTCGGAGGAGGAAAGGGTC
CATTCTATTATTCTCTGTAAACAAACC
TCTGACACATGCAGCTC 

CCAGCACGTTCAGAACCCCGTATG
ATATACCTTCTTTCTTAGTTTTGCTG
GCCGCATCTTCTC 

This study 

vma16::URA3 
GGAAGGCGAATAAAATACAGGAGCT
AGAGCGTGTAAGATAAAACCTCTGAC
ACATGCAGCTC 

CGCTTATCTAGCTCGTAAAAACGGA
AAAGAAAAGCCTGGTTTGAGCGCT
TAGTTTTGCTGGCCGCATCTTCTC 

1 

vma3 G61E AACATTGTTCCTGTTATTATGGCTGAG
ATCATTGCCATTTACGGTTTAGTTG 

CCGTAAATGGCAATGATCTCAGCC
ATAATAACAGG This study 

vma3 F135M AGATTATTCGTCGGTATGATTTTGATT
TTGATTATGGCTGAAGTTTTGGGTCT 

AGACCCAAAACTTCAGCCATAATC
AAAATCAAAATCATACCGACGAAT
AATCT 

This study 

vma11 G67E TTGATTCCTGTGGTTATGAGTGAGATC
TTAGCCATTTATGGGCTTG 

CAAGCCCATAAATGGCTAAGATCT
CACTCATAACCACAGGAATCAA This study 

vma11 F143M GGTATCGTTTTGATTCTAATTATGTCT
GAAGTTTTAGGG 

CCCTAAAACTTCAGACATAATTAGA
ATCAAAACGATACC This study 

vma16 S192E 
GCATTGTTTGTTAAAATTTTGGTCATT
GAAATTTTCGGGGAAATTTTAGGTTTA
TTAG 

CAATAAACCAACAATCAAACCTAA
TAAACCTAAAATTTCCCCGAAAATT
TCAATG 

1 
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vma16 F106M AATTTCCATTATTATGTGTGAAGTGGT
TGCCATTTA 

TAAATGGCAACCACTTCACACATA
ATAATGGAAATT This study 

vma16  
F190M/S192E/L197Y 

GGTCATTGAAATTATGGGGGAAATTT
TAGGTTTATACGGTTTGATTGTTGG 

CCAACAATCAAACCGTATAAACCT
AAAATTTCCCCCATAATTTCAATGA
CC 

This study 

NdeI-vma3 TTAGCCCATATGATGACTGAATTGTGT
CCTGTCTACGCCCCTTTC  This study 

vma3-XhoI  TTACCACTCGAGTTAACAGACAAC
ATCTTGAGTAGCCCTGGAGTTC This study 

 

1 Roh, Stam, et al, in preparation. 
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The V-ATPase is a nanomotor that utilizes the free energy from ATP hydrolysis to pump 

protons into the lumen of organelles and the extracellular milieu of specialized cells of 

higher eukaryotes1-6. The V-ATPase is regulated by a reversible disassembly 

mechanism7. Upon dissociation, the ATPase activity in the V1 sector and the proton 

translocation in the Vo sector are auto-inhibited8-12. Understanding the molecular details 

of the auto-inhibition of Vo might allow us to rationally design drugs to ameliorate V-

ATPase related diseases. 

 

The membrane motors among rotary ATPase members are similar and made of a 

subunit a (stator) and a c-ring (rotor)4,5. Although eukaryotic Vo is a relevant 

physiological sub-complex, the Fo, Ao, and bacterial Vo are only isolated after chemical 

treatment of the corresponding holoenzymes13-17. Interestingly, isolated Fo, Ao and 

bacterial Vo translocate ions downhill the electrochemical gradient in artificially 

energized liposomes, whereas Vo proton translocation is blocked (auto-inhibited)9,18. The 

disruption of the auto-inhibition of Vo in vivo would collapse the vacuolar H+-gradient, 

then cellular functions such as protein degradation, trafficking, endosome fusion, protein 

maturation, among others will be affected, eventually leading to cell death1,2.  

The auto-inhibited Vo9,10,19 (Roh, Stam, et al, in preparation) is made of an isoform-

containing proteolipid ring (c8c’c’’) that is partially surrounded by the membrane domain 

of subunit a (aCT). On the other hand, the extra-membrane domain of subunit a (aNT) 

interacts with subunit d that sits atop of the c-ring. Subunits e and f bind aCT in opposite 

position to the c-ring. Recently, the matured assembly factor Voa1p was localized inside 

the central pore (Roh, Stam, et al, in preparation). The canonical proton translocation 
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depends on the c-ring axial rotation against the subunit a 15,20. Molecularly, the local 

microenvironments will affect the asymmetric ion-binding pockets promoting the 

reversible protonation of the ion-binding sites (essential glutamates)21,22.  

 

In this doctoral dissertation, we have compiled our structural, biochemical and 

functional data to partially describe molecular details of the auto-inhibition of Vo. Our 

experiments were based on the premise that disruption of the auto-inhibition of Vo will 

activate the proton passive translocation collapsing the luminal pmf. We hypothesized 

that the auto-inhibition of Vo is a redundant event that involves several check-points. 

 

1. The cytoplasmic portion of the Vo 

To gain structural information of Vo, we designed three protocols to purify Vo and 

related sub-complexes (VoDd and c-ring) from a natural source -chapter 2 and 3-. We 

first generated an ~18Å 3-D reconstruction from cryo-EM images of Vo -chapter 2- and 

found an interaction between the rotor (subunit d) and the stator (aNT) that is observed in 

the isolated Vo but not in the V1Vo holoenzyme. To test whether disruption of the 

aNT:subunit d interaction allows passive proton translocation, we selectively removed 

subunit d from Vo (VoDd) by using the ionic detergent LPPG. Perhaps, LPPG can 

remove lipids with similar structure such as DPPG inside the central pore allowing 

subunit d release after ultracentrifugation23. VoDd did not translocate protons in 

artificially energized liposomes. Although our liposomes and proteoliposomes presented 

some proton leakage -Figure II.6D-, further studies demonstrated that signal instability 

was lowered by ergosterol incorporation and by considering liposome size, ACMA 
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concentration, sample volume and temperature (Figure V.1). The effect of disrupting the 

aNT-d interaction in yeast Vo was previously tested in vacuoles18 by the insertion of a 

proteolytic cleavage site in the linking region between aCT and aNT. The subunit a 

fragmentation did not allow passive proton translocation in vacuoles, consistent with the 

results obtained with VoDd. 

Contrary to the results in yeast, there is a report suggesting that removal of subunit d 

by Triton X100/ATP/KI treatment allowed passive proton translocation in mung bean 

VoDd 24. Similarly, there is evidence that brain and lung Vo can translocate protons down 

the gradient after an acid treatment, but this treatment did not release subunit d 25,26. 

Interestingly, plant27 and mammalian1 Vo’s are predicted to contain three and four 

subunit a isoforms, respectively. The yeast V-ATPase contains two organelle-specific 

subunit a isoforms (vacuolar Vph1 and Golgi Stv1)1,28. It is tempting to speculate that the 

passive proton translocation discrepancy might be related to subunit a isoform 

differences or, perhaps, to the c-ring composition. 

 

2. The isoform containing c-ring 

The yeast V-ATPase c-ring is made of c (Vma3p), c’ (Vma11p) and c’’ (Vma16p) in a 

stoichiometry 8:1:1, respectively19,29. The subunit c and c’ are made of 4 transmembrane 

domains (TMD) whereas c’’ is made of 5 TMD. The N-terminal extra helix of c’’ (c’’-

H1) resides in the central pore19 (Roh, Stam, et al, in preparation). Interestingly, c’ has 

not been identified in the mammalian and plant V-ATPases1,27. Evolutionary studies in 

yeast demonstrated that subunit c and c’ evolved from a common, more recent, ancestor 

whereas c’’ evolved from a distal ancestor29. V-ATPase subunit c was generated by 
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duplication and fusion of the F-ATPase subunit c30. Although the number of hairpins was 

duplicated, V-ATPase subunit c isoforms contain one essential glutamate per subunit. 

The global disposition of the 10 essential glutamates was predicted to be asymmetrically 

radially distributed. We speculated that the asymmetric glutamate distribution might play 

a role in the auto-inhibition of Vo -chapter 2-. Recent cryo-EM structures19 (Roh, Stam, 

et al, in preparation) confirmed the lack of radial glutamate symmetry that is generated 

by the spatial position of c’’E108. Moreover, the closest glutamate pair cE137 and 

c’’E108 parks in front of Vph1 interacting with aS792 and the strictly conserved arginine 

(aR735) in the auto-inhibited Vo19 (Roh, Stam, et al, in preparation). Video microscopy 

studies in F-ATPases16,31-33 and recent cryo-EM structures of V1Vo holoenzyme and 

auto-inhibited Vo suggest that c-ring axial rotation proceeds counterclockwise as c’’-c1-8-

c’ (Figure V.2). 

To study the contribution of the asymmetric radial distribution of essential glutamates 

in auto-inhibition of Vo, we isolated the c8c’c’’-ring from pre-purified Vo for 

biochemical and structural -chapters 3 and 4- characterization. V-ATPase c-ring formed 

dimers in solution and in lipid membranes. Our crystal structure demonstrated that two c-

rings promiscuously inter-digitate via their cytoplasmic loops aligning their central pores. 

Due to intrinsic inter- and intra-dimeric disorders, we could not assign c’ and c’’ using 

our current ~4Å X-ray data. Nevertheless, the predominant structural information of 

subunit c allowed us to solve the structure of an ~4 Å in silico c10-ring and the 

corresponding subunit c intra-subunit ion-binding pocket. 
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2.1. The three V-ATPase H+-binding pockets 

The conserved H+-translocation mechanism is the result of the reversible protonation of 

the essential glutamates in two laterally offset, water-filled cavities and concomitant c-

ring axial rotation5,34. The V-ATPase essential glutamates can adopt open and closed 

conformations stabilized by nearby residues that form a hydrogen bond network21,22 -

chapter 4-. To understand the auto-inhibition of Vo, we first need to understand how the 

V-ATPase heterodecameric c-ring works. 

 

We found important differences by comparing our intra-subunit c H+-binding pocket 

to related V-like Na+-binding pockets. There are two crystallized Na+-binding V-like 

rings: The E. hirae V-ATPase K10-ring23 and the evolutionary intermediate A. woodii 

F/V-ATP synthase c1(c2/3)9-ring35. On the one hand, the K10-ring contains 10 intra-subunit 

Na+-binding pockets (K-pockets) requiring KLeu61, KThr64, KGln65, KGln110 and the 

essential KGlu139 to coordinate one sodium ion (Figure V.3A). On the other hand, the 

evolutionary intermediate c1(c2/3)9-ring contains 10 inter-subunit Na+-binding pockets. 

The V-like c1 interacts with the F-like c2/3 to form an Na+-binding pocket (c1-pocket) 

requiring c2/3Val60, c2/3Thr63, c1Gln46 and the essential c1Glu79 to bind one sodium ion 

and one water molecule (Figure V.4B). Interestingly, the spatial positions of KGlu139, 

KGln110, KLeu61, and KThr64 are similar to c1Glu79, c1Gln46, c1Val60, and c2/3Thr63, 

respectively. In our subunit c structure, these positions are occupied by cGlu137, cIle108, 

cMet59, and cIle63, respectively (Figure IV.2D).  

By comparing the Na+-binding pockets23,35 against our H+-binding pocket, we noted 

that (i) polar residues KGln110 and c1Gln46 are replaced by the hydrophobic cIle108, (ii) 
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polar residues KThr64 and c2/3Thr63 are replaced by hydrophobic cIle63, (iii) the 

hydrogen bond from the backbone carbonyl of the KLeu61 and c(2/3)Val60 is replaced by 

the hydrogen bond to the sulfhydryl group of cMet59, (iv) the hydrogen bond from 

KGln65 is replaced by a water molecule in the c1-pocket and this interaction is not 

present in the subunit c H+-binding pocket and (v) there is a conserved Tyr (KTyr68, 

c2/3Tyr67, and cTyr66) one-turn below the essential glutamate in the three V-like 

subunits. Although, the Tyr is not conserved among homooligomeric H+-driven rings, it 

is present in the yeast V-ATPase subunit c isoforms -see below.  

Together, the ion-binding pockets among V-like enzymes corroborate the correlations 

among size of the translocated ion, diameter of ion-binding pocket and the length and 

charge of the residues within the ion-binding pocket, as predicted by Leone et al 22. In 

fact, the coordination of Na+ is driven by dentation of multiple residues whereas 

glutamate protonation only requires the essential cE137eO2. However, the open and 

closed conformation of cGlu137 is stabilized by cMet59 and cTyr66 (Figure V.5). 

 

Yeast V-ATPase c-ring contains 9 intra-subunit H+-binding pockets (c1-8 and c’) and 

1 inter-subunit H+-binding pocket (c’’:c1)19 (Roh, Stam, et al, in preparation). 

Comparison of our in-silico c10 structure -chapter 4- with our recent cryo-EM structure 

(Roh, Stam, et al, in preparation) allows the identification of the c’ and c’’ H+-binding 

pockets. Intra-subunit c’ H+-binding pocket involves c’Glu145, c’Met65, and c’Tyr72 

(Figure V.6B). On the other hand, inter-subunit c’’:c1 ion-binding pocket involves 

c’’Glu108, c1Phe135, and c1Tyr142 (Figure V.7D). The ion-binding pocket of subunit c 

is similar to c’ and different from c’’ as predicted by sequence alignments and 
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evolutionary studies29. The c’’ ion-binding pocket contains c1Phe135 above the 

c’’Glu108 instead of a Met. Interestingly, the combination Phe-Glu-Tyr in c’’ is similar 

to S. platensis H+-binding pocket36 (Figure I.8B), but c’’Ile79 is replaced by a cGln29. 

Further analysis of our cryo-EM structure (Roh, Stam, et al, in preparation) leads us to 

identify that c’’ provokes the asymmetric radial distribution of the critical Met-, Glu- and 

Tyr-planes (Supplemental Figure IV.S10). In other words, c’’ disrupts the symmetry of 

the c8c’ sub-complex (Figure V.2). 

Because (1) c’’Glu108eO distance to the backbone carbonyl from cPhe135 would be 

longer than the cGlu137eO distance to the sulfhydryl of cMet59in close conformation, 

and (2) there is not a proton acceptor behind c’’Glu108, it is tempting to speculate that c’’ 

H+-binding pocket would have sub-optimal conformational changes during reversible 

protonation.  

Based on composition and for the purpose of clarity, we will refer to the c (Vma3p), 

c’ (Vma11p) and c’’ (Vma16p) H+-binding pockets as 3-pocket, 3*-pocket and 16-

pocket, respectively. The asterisk highlights the fact that c and c’ H+-binding pockets are 

similar (Figure V.8A). 

 

2.2. The V-ATPase c-ring axial rotation  

We got inspired by a previous study that transformed a bacterial F-type c-ring into a V-

type c-ring (F-to-V ring)37. One F-ATPase subunit c hairpin was crosslinked to another 

hairpin containing a point-mutation in the essential glutamate to generate a synthetic V-

like subunit (4 TMD containing one essential glutamate). The F-to-V ring containing 

holoenzyme decreased its ATPase activity by four-fold and its H+-pumping activity was 
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negligible. Thus, it seemed that (1) disruption of the glutamate-plane affecting the native 

H+-binding pockets and (2) alteration of the distances among essential glutamates would 

imminently stop proton translocation. We then hypothesized that c-ring axial rotation 

would depend on intrinsic and global symmetry of the ion-binding pockets.  

The V-ATPase heterodecameric c-ring represented an ideal system to perform ion-

binding pocket permutations studies due to its three subunit c isoforms and two ion-

binding pocket types (Figure V.2). The major differences in our systematic mutagenesis 

experiments compared to previous studies38,39 are: (i) we switched or inserted glutamates 

in the contiguous native hairpins instead of mutating the essential glutamates, (ii) we 

generated intrinsic and global symmetric rings, (iii) our protocol contained several inter- 

and intra-controls among the consecutive manipulations to ensure the detection of any 

subtle change in V-ATPase activity in vivo, and (iv) all our genomic mutants were 

marker-free strains. Therefore, metabolic or expression concerns by the use of plasmids 

and cassettes were avoided.  

In the next sections, we will dissect c-ring axial rotation changes as result of our 

mutations and permutations. To understand this convoluted puzzle, we highly 

recommend to carefully study Figure V.8. 

 

Firstly, we started testing the global symmetry effect. We switched the c’’E108 from 

Helix 3 to Helix 5 (16-switch, c’’E108/S192E) to generate a symmetric ring 

(Supplemental Figure IV.S8). The chemical environment surrounding the c’’S192E was 

similar to the previous helix. In other words, the native intra-subunit 16-pocket was the 

same as the inter-subunit 16-pocket (synthetic 16-pocket, compare Figures V.6C and 
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V.7D). Although 16-switch ring configuration was similar to the K10-ring23 (Figure 

I.11C), the 16-switch ring was not functional. K10-ring contains 10 equally spaced K-

pockets (Figure V.3A) thus the K10-ring is intrinsically (pocket composition) and globally 

(distances among pockets) symmetric. In contrast, the 16-switch ring is globally 

symmetric but intrinsically asymmetric. The non-functional 16-switch mutant suggested 

that V-ATPase c-ring axial rotation requires the close distance between the 16- and 31-

pockets (compare Figure V.8A and B, see Figure V.2).  

 

Secondly, we then tested the partial glutamate saturation effect. Insertion of one extra 

glutamate via c’G67E or c’’S192E generated a functional 11glu-ring (Supplemental 

Figure IV.S9). By comparing the all native H+-binding pockets against the synthetic H+-

binding pockets (Figure V.6 and V.7), we observed that 11glu-ring via c’’ would generate 

a ring containing [(native 3)8 + (native 3*) + (native 16 and synthetic 16)-pockets] 

whereas the 11glu-ring via c’ would generate a ring containing [(native 3)8 + (native 3* 

and impaired) + (native 16)-pockets]. The extra glutamate in the inter-subunit c’:c’’ 

impaired-pocket does not contain the Tyr below the glutamate plane so its conformational 

changes would be potentially sub-optimal compared to the native 16-pocket that does not 

contain Met above the glutamate plane (for clarification refer to gray sphere in Figure 

V.8C). In fact, the 11glu-ring via c’’ grew somewhat better compared to the 11glu-ring 

via c’. This observation suggested that the impaired-pocket is less functional than the 16-

pocket. 

Consecutive deletion and insertion of c’’S192E or c’G67E generated a 12glu-ring 

(Supplemental Figure IV.S9). 12glu-ring either via c’’ or c’ generated the same functional 
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ring containing [(native 3)8 + (native 3* and impaired) + (native 16 and synthetic 16)-

pockets]. This observation suggested that V-ATPase c-ring axial rotation will be 

diminished but not abolished by three consecutive sub-optimal H+-binding pockets. 

Together, increase of the global symmetry in terms of the H+-binding pockets would 

allow c-ring axial rotation. 

 

We then proceeded to test the global glutamate saturation effect. We consecutively 

saturated the subunit c isoforms to generate a 20glu-ring (Figure IV.4A and Supplemental 

Figure IV.S9). cG61E insertion generated a 18glu-ring containing [(native 3 and synthetic 

16)8 + (native 3*) + (native 16)-pockets]. The 18glu-ring was lethal to the cell even in 

mild conditions (YPD, 60 mM Ca2+). This observation suggested that more than one 16-

3-pair would stall c-ring rotation and was confirmed in the 19glu- and 20glu-rings 

(Figure V.8C). We predicted that cF135M mutation should transform the synthetic 16-

pocket into a synthetic 3-pocket. In our first screen (Figure V.9), cG61E/F135M insertion 

generated a non-functional 17Met-18Glu-19Tyr-ring containing [(native 3 and synthetic 

3)8 + (native 3*) + (native 16)-pockets]. Unexpectedly, consecutive insertion of c’’S192E 

generated a scarcely functional 17Met-19Glu-19Tyr-ring containing [(native 3 and 

synthetic 3)8 + (native 3*) + (synthetic 3 and native 16)-pockets]. Finally, consecutive 

insertion of c’G67E collapsed the functionality of the 17Met-20glu-19Tyr-ring 

containing [(native 3 and synthetic 3)8 + (native 3* and impaired) + (synthetic 3 and 

native 16)-pockets] (Figure V.8D). This data suggested that the c-ring would rotate if 

global symmetry is increased considering the intrinsic symmetry. We also confirmed that 

sub-optimal:optimal H+-binding pocket pair is tolerable for c-ring rotation. However, 
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more than two sub-optimal H+-binding pockets lead to inability to grow on restrictive 

media. Additionally, we proved that 16-pocket is transformed into an optimal pocket by 

mutating cF153M (compared 11- and 12-glu rings in Figure V.9 and Supplemental 

Figure IV.S9). 

 

Thirdly, we focused our final efforts to generate an intrinsic and globally symmetric 

V-ATPase c-ring by 3-pocket saturation. We selected the 3-pocket due to its abundance 

(90%) in the c8c’c’’-ring (Figure V.2) and promising result from 17Met-19Glu-19Tyr-

ring (via c’’). 

Consecutive insertion of cG61E/F135M, c’G67E/F143M, and 

c’’F106M/F190M/S192E/L197Y generated our V-to-F ring containing [(native 3 and 

synthetic 3)8+ (native 3* and synthetic 3) + (2 synthetic 3)-pockets] = 20(3-pockets) 

(Figure V.8E). In contrast to 16-switch ring and 20glu-ring mutants, our V-to-F ring 

mutant grew in YPD + 60 mM Ca2+, demonstrating its functional proton pumping activity 

(Figure IV.4B and Supplemental Figure IV.S8).  

The reader could find a discrepancy in the growth of cG61E/F135M (17Met-18Glu-

19Tyr-ring) in Figure V.9 and Figure IV.4B. However, the two independent growth tests 

used the same clone and similar OD600. Perhaps, our mutants are too sensitive to small 

changes in the unbuffered media (YPD, 60 mM Ca2+). Duplication time determination in 

YPD CaCl2 or YPD pH5 is recommended over the qualitative growth test in plates to 

minimize these inconsistencies.  
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Fourthly, there are unpublished data that we will discuss briefly.  

(1) We tested the effect of switching the glutamate gap by sequential insertion of 

c’G67E/E145G and c’’E108G/S192E (11-16-switch, double switch, Figure V.10). 

The double switch mutant scarcely rescued the strong vma- phenotype of the 16-

switch mutant. We already discussed that 16-switch generates a synthetic 16-pocket 

whereas c’G67E/E145G generates an impaired-pocket that is more sub-optimal than 

the 16-pocket. Because the double switch mutant contains [(native 3)8 + (impaired) + 

(native 16)-pockets], c-ring can rotate with two sub-optimal pockets (Figure V.8F). 

Our H+-binding pockets permutations suggest that pocket optimization decreases as 

3=3*>16>impaired. It is then tempting to speculate that the impaired-16-pair can 

partially replace the 16-31-pair. Thus, V-ATPase c-ring axial rotation requires two 

neighboring glutamates at two different levels of optimization. 

(2) Preliminary results using the c’’E108G strain (deletion of the essential glutamate, 

deficient of the 16-pocket) generated a functional 9glu-ring (Supplemental Figure 

IV.S8) containing [(native 3)8 + (native 3*)-pockets]. Furthermore, preliminary 

kinetic studies using vacuoles suggest that c’’E108G is able to pump protons (Figure 

V.11). Thus, we proved that c8c’ sub-complex in terms of (3-pockets)9 can drive c-

ring rotation by two independent protocols (deletion of the 16-pocket and 3-pocket 

saturation). 

(3) Interestingly, the c’’S192E strain (two glutamates in c’’, Supplemental Figure IV.S8) 

generated the configuration [(native 3)8 + (native 3*) + (synthetic and native 16)-

pockets]. Then, the two 16-pockets were next to the required 31-pocket. On one hand, 

the distance between the synthetic 16-pocket is one a-helix closer to the native 3*-
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pocket in c’ (compare Figure V.8A and G), increasing the probabilities to rotate 

counterclockwise. On the other hand, the proper native 16-31-pair would promote the 

clockwise rotation.  If the 11glu-ring can rotate in both directions, then DpH 

generation and collapsing would occur simultaneously. This proton pumping/leakage 

aberration was observed in vacuoles (Figure V.11).  

 

In conclusion, c’’ presence disrupts the intrinsic and global symmetry of the c8c’-

subcomplex (39-pockets) -chapter 4. It is tempting to speculate that c’’E108 would have a 

compromised close conformation due to the absence of Met in the sub-optimal 16-pocket. 

The proximity between the 16- and the 31-pockets (16-31-pair) might represent a 

functional advantage to promote the close conformation of c’’E108. Thus, the 16-31-pair 

would slow down every time it interacts with aCT. The release of this position and 

mutual endorsement of the closed conformations would depend on ATP hydrolysis in the 

V1 sector (Roh, Stam, et al, in preparation). The rotor sub-complex [DFd(c8c’c’’)] torque 

will break the 16-31:aCT interactions (Figure V.2), promoting the rotation towards 32-8-

pockets. In this scenario, multiple 16-31-pairs would compromise cellular ATP levels 

promoting cellular death as observed in our experiments on semi-restrictive media. c-ring 

opposite rotation (in the holoenzyme) would be unfavorable by the larger distance 

between the 16-pocket and 3*-pocket. Finally, subunit c self-oligomerization in vitro 

suggests that c’ and c’’ might be inserted first during the biogenesis of Vo in vivo -

chapter 4. 
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At present, it is unknown whether the parking position of the 16-31-pair occurs before 

or after the dissociation of the enzyme. If parking occurred after dissociation, then c-ring 

would rotate counterclockwise influenced by the vacuolar pH (~pH6) until it assumes the 

auto-inhibited conformation. Certainly, molecular dynamics simulations (MDS)21 of the 

C-terminal hairpin of the subunit a core and c-ring embedded in a lipid membrane and 

enclosed in a water-filled box (as depicted in Figure I.5C) could solve this question and 

accurately estimate the pKa values for all H+-binding pockets, and how the 31-pocket 

stabilizes the closed conformation in the adjacent 16-pocket. Additionally, it is tempting 

to speculate that the 31-pocket is less optimized when compared to 32-8-pockets. If this is 

the case, the V-ATPase unidirectional rotation would be driven by the level of 

optimization of the binding pockets. 

 

3. Reversing c-ring rotational directionality  

We proposed that the auto-inhibition of Vo is a redundant mechanism with several check-

points. The extra-membrane break and the c-ring configuration are two features that were 

analyzed in this doctoral dissertation. We proved that disruption of aNT:subunit d did not 

allow passive proton translocation -chapter 2. On the other hand, our mutagenesis data of 

the c-ring established the identity, distances and implications among V-ATPase ion-

binding pockets -chapter 4. Although this data did not address the disruption of the auto-

inhibition mechanism of Vo, we have undoubtedly set a milestone in reaching an 

understanding how the more complex c-ring of the entire rotary ATPase family works. 

We uncovered and rationality tested the new concepts of the intrinsic and global 

distribution of the ion-binding pockets. Our c-ring studies impeccably support the general 
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theories and concepts developed by the groups of Dr. Thomas Meier and Dr. José D. 

Faraldo-Gómez21,22,35,40-47. 

 

It was historically hypothesized that the low V1Vo-ATPase H+/ATP ratio (10/3 = 3.3) 

when compared to a F-type ring of the same size could be responsible for the dedicated 

eukaryotic ATPase function and concomitant unidirectional c-ring rotation37,48,49. We 

synthetically duplicated the H+/ATP ratio (20/3 = 6.6) in our V-to-F ring and 

demonstrated that proton pumping was not abolished in vivo. Our data then suggest that 

the intrinsic and global asymmetric distribution of the ion-binding pockets, but not 

H+/ATP ratio, contributes to the eukaryotic V-ATPase c-ring unidirectional rotation. Our 

V-to-F-ATPase might then represent the most efficient proton pump or the least efficient 

ATP synthase. The fact that V-to-F mutant did not grow in most restrictive media (YPD 

pH7 + Ca2+ or YPD + Zn2+) indicates that efficient proton pumping was counteracted. 

Potentially, some V1Vo-ATPases would rotate in opposite direction simultaneously as 

our c’’S192E mutant. We currently do not know whether the V-to-F-ATPase can 

synthetize ATP. It would be interesting to generate a pmf by using a pyrophosphate or 

bacteriorhodopsin system to quantify any ATP production. 

In future experiments, we should be able to purify the entire V-to-F ring containing 

Vo by affinity procedures and then reconstitute into artificial energized liposomes to test 

if intrinsic and global symmetry plays a direct role in the auto-inhibition of Vo. We 

speculate that selective removal of subunit d must be performed to detect a significant 

proton translocation if any. The absence of proton translocation would then suggest that 

additional contacts between the c-ring and aCT might represent a third check-point in the 
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redundant mechanism. One possibility is that the Met-plane would interact with aCT 

based on its extended conformation observed in our cryo-EM structure (Roh, Stam, et al, 

in preparation), but not in our crystal structure (Figure V.5B). MDS21 could determine 

potential residues within the outer ring that may adopt an open conformation and have the 

ability to interact with aCT. 

 

4. Non-canonical functions of the V-ATPase 

Dimeric c-ring configuration was previously proposed to play a direct role in 

spontaneous50 neurotransmitter release51-55 and vacuole fusion56,57. Although in vitro 

studies have demonstrated that the V-ATPase generates a pmf to allow neurotransmitter 

loading in synaptic vesicles58,59, there is little, if any, proper physiological information 

about a c-ring trans-channel formation and opening57. c-ring internal diameter suggests 

that its opening would release the synaptic vesicle content in an uncontrolled manner -

chapter 3-. Interestingly, studies in flies suggested that V-ATPase might play a role in 

uncontrolled (spontaneous) neurotransmitter release50. However, classical neuroscientists 

attribute neuronal spontaneous release to synaptotagmin isoforms60 instead of the new 

proteins.  

We made an unbiased contribution for the non-canonical function of the V-ATPase 

by means of a controlled in vitro system and avoiding in vivo compensatory 

pathways61,62. We used our monomeric c-ring unidirectionally inserted into a lipid 

membrane to perform single molecule electrical recordings. We discovered that the V-

ATPase c-ring can translocate ions via the central pore (~8.3 nS) independent from its 

canonical proton translocation pathway (4.4 fS13, Figure V.12). Ion translocation was 
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regulated by the presence of subunit d. Interestingly, our electrophysiological data 

predicted the mobility of the N-terminal helix of c’’ (c’’-H1) inside the central pore 

suggesting a central position. Our hypothesis was then confirmed by recent cryo-EM 

structures.  

We proposed that the release of subunit d upon an action potential would enable the 

cytoplasmic loops of the c-ring to interact with another c-ring in adjacent membranes -

chapters 3 and 4. It is tempting to speculate that the action potential could be transmitted 

from one c-ring to another, allowing simultaneous opening. Single molecule electrical 

recording could be used to test this possibility as described somewhere else63. 

Interestingly, the F1Fo-ATP synthase c14-ring from chloroplast formed a reminiscent c-

ring dimer in the crystal lattice64. To our knowledge, this disposition has not been 

extrapolated to non-canonical functions of F-ATP synthase in chloroplast. However, 

MDS65 suggest an overall flexibility. 

There are still several unresolved questions about the non-canonical function of the 

V-ATPase that our unpublished data encourage. 

4.1. Can monomeric c-ring dimerize in a lipid environment? Indeed. Reconstituted 

monomeric c-ring into lipid nanodisc formed dimers that were detected by size 

exclusion chromatography (Figure V.13). 

 

4.2. Can c-ring form dimers in the presence of subunit a? Our preliminary experiments 

using size exclusion chromatography have confirmed that LPPG-solubilized VoDd is 

separated in a predominant species that potentially corresponds to the dimeric VoDd 

(Figure V.14). However, we were unable to observe dimeric VoDd by negative stain 
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EM due to its instability. Although very low amounts of VoDd were reported by using 

DDM, the use of LPPG allows >90% VoDd formation from pre-purified Vo -chapter 

2. Therefore, we proposed to reconstitute LPPG-solubilized VoDd into lipid 

nanodiscs or other molecules66 to allow its manipulation for structural and 

biochemical studies. 

  

4.3. If the trans-channel opening occurs, which molecules could regulate its activity? It 

was previously proposed that Ca2+-Calmodulin (CaM) could be involved in vacuole 

fusion activity56. Subsequent studies suggested a Ca2+-CaM binding site in aNT50,67-69 

and the cytoplasmic loops of the subunit c 70,71. Our cryo-EM c-ring structure was 

compared to a Ca2+-CaM binding database72. One potential Ca2+-CaM binding site is 

predicted in the short luminal amphipathic a-helix in c’’ (Figure V.15). However, 

both potential Ca2+-CaM sites within the c-ring are hidden in the native Vo and 

V1Vo-ATPase. An alternatively regulatory mechanism might involve the 

heterogeneous interaction between c-ring and a synaptophysin homohexameric 

channel in opposite membranes73,74, thus the c-ring conductance will be hampered by 

synaptophysin channel conductance (150 pS)75. A second alternative is that regulation 

of the dimeric c-ring would be influenced by their asymmetric current blockage in the 

opposite monomers. 

 

4.4. Is there any alternative to assign c’ and c’’ in the X-ray crystal structure? Alternative 

approaches to avoid c-ring dimerization involves: (a) mutagenesis of the cytoplasmic 

loops, (b) the use of chemicals to crosslink residues in cytoplasmic loops, and (c) 
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diffusion of subunit d. However, there are several considerations about these options. 

(1) Mutations in cytoplasmic loops could potentially interfere with subunit d 

interaction, in which case V-ATPase would not be properly assembled and sent to the 

vacuole in vivo. (2) It seems that dimerization occurs immediately after subunit d 

removal. Because subunits a and d are in solution during this event3, it is possible that 

several undesired adducts would be formed. A mixture of soluble subunit d and 

detergent solubilized dimer c-ring might crystallize separately. In principle, 

crystallization is a purification methodology. Therefore, we proposed the use of a 

Cys-less c’’ strain to then insert a cysteine in the N-terminal domain as previously 

reported76, and crosslink the bottom of subunit d 19 (Roh, Stam, et al, in preparation). 

Thus, isolation of c-ring would produce the sub-complex d(c8c’c’’). Although this 

option would avoid the inter-dimeric contacts, the intra-dimeric contact via the 

luminal loops must be treated independently. Any luminal tagging is difficult based 

on the expected proteolytic degradation due to vacuolar proteases in vivo 77, unless a 

DPEP strain that does not contain vacuolar proteases78 is used. The limiting step in 

this last option is the very low protein yield. One alternative solution would depend 

on the native Ca2+-CaM binding via the short amphipathic luminal a-helix of c’’ 

(Figure V.15), design of synthetic peptides or antibodies79. A second alternative 

would involve solving the c-ring structure by cubic lipid phase crystallization instead. 

 

5. Final Remarks 

Although the V-ATPase shares a similar structure and rotational catalysis mechanism 

with other rotary ATPases, the V-ATPase is regulated by a unique reversible disassembly 
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mechanism. Upon dissociation, the ATPase activity in the soluble V1 sector and the 

proton translocation in the membrane embedded Vo sector are auto-inhibited. Several 

exquisite membrane rotor-stator interactions and kinetic barriers contribute to the 

redundant auto-inhibition of Vo. Our reductionist biochemical approaches confirmed that 

disruption of one check-point does not allow c-ring axial rotation and concomitant 

passive proton translocation. Moreover, our mutagenesis strategies have set a milestone 

by understanding the molecular details of V-ATPase c-ring rotation and biogenesis in 

vivo. Finally, we effectively linked the bioenergetics and neuroscience fields by 

demonstrating the ion translocation through the central pore by means of a controlled in 

vitro system.  

Our biophysical, biochemical, electrophysiological, and mutagenesis data should 

encourage new generations to further investigate the auto-inhibition mechanism of Vo, 

and its canonical and non-canonical ion translocations. Drugs to ameliorate V-ATPase 

related diseases must be designed accounting for rotary ATPases differences to 

unequivocally allow/stop on-demand the ion-translocation through the Vo and/or to 

promote V1Vo association/dissociation in vivo.



	 245 

REFERENCES 

 

1. Forgac M. Vacuolar ATPases: Rotary proton pumps in physiology and 

pathophysiology. Nat Rev Mol Cell Biol 2007, Nov;8(11):917-29. 

2. Marshansky V, Rubinstein JL, Grüber G. Eukaryotic V-ATPase: Novel structural 

findings and functional insights. Biochim Biophys Acta 2014, Jun;1837(6):857-

79. 

3. Rawson S, Harrison MA, Muench SP. Rotating with the brakes on and other 

unresolved features of the vacuolar ATPase. Biochem Soc Trans 2016, Jun 

15;44(3):851-5. 

4. Wilkens S. Rotary molecular motors. Adv Protein Chem 2005;71:345-82. 

5. Kühlbrandt W, Davies KM. Rotary ATPases: A new twist to an ancient machine. 

Trends Biochem Sci 2016, Jan;41(1):106-16. 

6. Zhang Z, Zheng Y, Mazon H, Milgrom E, Kitagawa N, Kish-Trier E, et al. 

Structure of the yeast vacuolar ATPase. J Biol Chem 2008, Dec 

19;283(51):35983-95. 

7. Kane PM. Disassembly and reassembly of the yeast vacuolar H+-ATPase in vivo. 

J Biol Chem 1995, Jul 14;270(28):17025-32. 

8. Oot RA, Couoh-Cardel S, Sharma S, Stam NJ, Wilkens S. Breaking up and 

making up: The secret life of the vacuolar H+-ATPase. Protein Sci 2017, 

May;26(5):896-909. 



	 246 

9. Couoh-Cardel S, Milgrom E, Wilkens S. Affinity purification and structural 

features of the yeast vacuolar ATPase Vo membrane sector. J Biol Chem 2015, 

Nov 13;290(46):27959-71. 

10. Stam NJ, Wilkens S. Structure of the lipid nanodisc-reconstituted vacuolar 

ATPase proton channel: definition of the interaction of rotor and stator and 

implications for enzyme regulation by reversible dissociation. J Biol Chem 2017, 

Feb 3;292(5):1749-61. 

11. Oot RA, Kane PM, Berry EA, Wilkens S. Crystal structure of yeast V1-ATPase in 

the autoinhibited state. EMBO J 2016, Aug 1;35(15):1694-706. 

12. Couoh-Cardel S, Hsueh YC, Wilkens S, Movileanu L. Yeast V-ATPase 

proteolipid ring acts as a large-conductance transmembrane protein pore. Sci Rep 

2016, Apr 21;6:24774. 

13. Franklin MJ, Brusilow WS, Woodbury DJ. Determination of proton flux and 

conductance at pH 6.8 through single Fo sectors from Escherichia coli. Biophys J 

2004, Nov;87(5):3594-9. 

14. Schneider E, Altendorf K. ATP synthase (F1Fo) of Escherichia coli K-12. High-

yield preparation of functional Fo by hydrophobic affinity chromatography. Eur J 

Biochem 1982, Aug;126(1):149-53. 

15. Suzuki T, Ueno H, Mitome N, Suzuki J, Yoshida M. Fo of ATP synthase is a 

rotary proton channel. Obligatory coupling of proton translocation with rotation 

of c-subunit ring. J Biol Chem 2002, Apr 12;277(15):13281-5. 



	 247 

16. Nakano M, Imamura H, Toei M, Tamakoshi M, Yoshida M, Yokoyama K. ATP 

hydrolysis and synthesis of a rotary motor V-ATPase from Thermus 

thermophilus. J Biol Chem 2008, Jul 25;283(30):20789-96. 

17. Murata T, Takase K, Yamato I, Igarashi K, Kakinuma Y. Properties of the VoV1 

Na+-ATPase from Enterococcus hirae and its Vo moiety. J Biochem 1999, 

Feb;125(2):414-21. 

18. Qi J, Forgac M. Function and subunit interactions of the N-terminal domain of 

subunit a (Vph1p) of the yeast V-ATPase. J Biol Chem 2008, Jul 

11;283(28):19274-82. 

19. Mazhab-Jafari MT, Rohou A, Schmidt C, Bueler SA, Benlekbir S, Robinson CV, 

Rubinstein JL. Atomic model for the membrane-embedded Vo motor of a 

eukaryotic V-ATPase. Nature 2016;539(7627):118-22. 

20. Ono S, Sone N, Yoshida M, Suzuki T. ATP synthase that lacks Fo a-subunit: 

Isolation, properties, and indication of Fo b2-subunits as an anchor rail of a 

rotating c-ring. J Biol Chem 2004, Aug 6;279(32):33409-12. 

21. Pogoryelov D, Krah A, Langer JD, Yildiz Ö, Faraldo-Gómez JD, Meier T. 

Microscopic rotary mechanism of ion translocation in the Fo complex of ATP 

synthases. Nat Chem Biol 2010, Oct 24;6(12):891-9. 

22. Leone V, Pogoryelov D, Meier T, Faraldo-Gómez JD. On the principle of ion 

selectivity in Na+/H+-coupled membrane proteins: Experimental and theoretical 

studies of an ATP synthase rotor. Proc Natl Acad Sci U S A 2015, Mar 

10;112(10):E1057-66. 



	 248 

23. Murata T, Yamato I, Kakinuma Y, Leslie AG, Walker JE. Structure of the rotor of 

the V-type Na+-ATPase from Enterococcus hirae. Science 2005, Apr 

29;308(5722):654-9. 

24. Ouyang Z, Li Z, Zhang X. Cloning and sequencing of V-ATPase subunit d from 

mung bean and its function in passive proton transport. J Bioenerg Biomembr 

2008, Dec;40(6):569-76. 

25. Peng S, Li X, Crider BP, Zhou Z, Andersen P, Tsai SJ, et al. Identification and 

reconstitution of an isoform of the 116-kDa subunit of the vacuolar proton 

translocating ATPase. J Biol Chem 1999, Jan 22;274(4):2549-55. 

26. Crider BP, Xie XS, Stone DK. Bafilomycin inhibits proton flow through the H+ 

channel of vacuolar proton pumps. J Biol Chem 1994, Jul 1;269(26):17379-81. 

27. Dietz KJ, Tavakoli N, Kluge C, Mimura T, Sharma SS, Harris GC, et al. 

Significance of the V-type ATPase for the adaptation to stressful growth 

conditions and its regulation on the molecular and biochemical level. J Exp Bot 

2001, Oct 1;52(363):1969-80. 

28. Manolson MF, Wu B, Proteau D, Taillon BE, Roberts BT, Hoyt MA, Jones EW. 

STV1 gene encodes functional homologue of 95-kDa yeast vacuolar H+-ATPase 

subunit Vph1p. J Biol Chem 1994, May 13;269(19):14064-74. 

29. Finnigan GC, Hanson-Smith V, Stevens TH, Thornton JW. Evolution of increased 

complexity in a molecular machine. Nature 2012, Jan 19;481(7381):360-4. 

30. Mandel M, Moriyama Y, Hulmes JD, Pan YC, Nelson H, Nelson N. CDNA 

sequence encoding the 16-kDa proteolipid of chromaffin granules implies gene 



	 249 

duplication in the evolution of H+-ATPases. Proc Natl Acad Sci U S A 1988, 

Aug;85(15):5521-4. 

31. Sielaff H, Rennekamp H, Wächter A, Xie H, Hilbers F, Feldbauer K, et al. 

Domain compliance and elastic power transmission in rotary FoF1-ATPase. Proc 

Natl Acad Sci U S A 2008, Nov 18;105(46):17760-5. 

32. Yasuda R, Noji H, Yoshida M, Kinosita K, Itoh H. Resolution of distinct 

rotational substeps by submillisecond kinetic analysis of F1-ATPase. Nature 2001, 

Apr 19;410(6831):898-904. 

33. Noji H, Yasuda R, Yoshida M, Kinosita K. Direct observation of the rotation of 

F1-ATPase. Nature 1997, Mar 20;386(6622):299-302. 

34. Davies KM, Anselmi C, Wittig I, Faraldo-Gómez JD, Kühlbrandt W. Structure of 

the yeast F1Fo-ATP synthase dimer and its role in shaping the mitochondrial 

cristae. Proceedings of the National Academy of Sciences 2012;109(34):13602-7. 

35. Matthies D, Zhou W, Klyszejko AL, Anselmi C, Yildiz Ö, Brandt K, et al. High-

resolution structure and mechanism of an F/V-hybrid rotor ring in a Na+-coupled 

ATP synthase. Nat Commun 2014, Nov 10;5:5286. 

36. Pogoryelov D, Yu J, Meier T, Vonck J, Dimroth P, Muller DJ. The c15 ring of the 

Spirulina platensis F-ATP synthase: F1Fo symmetry mismatch is not obligatory. 

EMBO Rep 2005, Nov;6(11):1040-4. 

37. Jones PC, Hermolin J, Fillingame RH. Mutations in single hairpin units of 

genetically fused subunit c provide support for a rotary catalytic mechanism in 

FoF1ATP synthase. J Biol Chem 2000, Apr 6;275(15):11355-60. 



	 250 

38. Umemoto N, Ohya Y, Anraku Y. VMA11, a novel gene that encodes a putative 

proteolipid, is indispensable for expression of yeast vacuolar membrane H+-

ATPase activity. J Biol Chem 1991, Dec 25;266(36):24526-32. 

39. Hirata R, Graham LA, Takatsuki A, Stevens TH, Anraku Y. VMA11 and VMA16 

encode second and third proteolipid subunits of the Saccharomyces cerevisiae 

vacuolar membrane H+-ATPase. J Biol Chem 1997, Feb 21;272(8):4795-803. 

40. Symersky J, Pagadala V, Osowski D, Krah A, Meier T, Faraldo-Gómez JD, 

Mueller DM. Structure of the c10 ring of the yeast mitochondrial ATP synthase in 

the open conformation. Nat Struct Mol Biol 2012, May;19(5):485-91, S1. 

41. Pogoryelov D, Yildiz O, Faraldo-Gómez JD, Meier T. High-resolution structure 

of the rotor ring of a proton-dependent ATP synthase. Nat Struct Mol Biol 2009, 

Oct;16(10):1068-73. 

42. Dimroth P, von Ballmoos C, Meier T. Catalytic and mechanical cycles in F-ATP 

synthases. Fourth in the cycles review series. EMBO Rep 2006, Mar;7(3):276-82. 

43. Müller DJ, Dencher NA, Meier T, Dimroth P, Suda K, Stahlberg H, et al. ATP 

synthase: Constrained stoichiometry of the transmembrane rotor. FEBS Lett 2001, 

Aug 31;504(3):219-22. 

44. Meier T, Matthey U, Henzen F, Dimroth P, Müller DJ. The central plug in the 

reconstituted undecameric c cylinder of a bacterial ATP synthase consists of 

phospholipids. FEBS Lett 2001, Sep 21;505(3):353-6. 

45. Vonck J, von Nidda TK, Meier T, Matthey U, Mills DJ, Kühlbrandt W, Dimroth 

P. Molecular architecture of the undecameric rotor of a bacterial Na+-ATP 

synthase. J Mol Biol 2002, Aug;321(2):307-16. 



	 251 

46. Preiss L, Yildiz O, Hicks DB, Krulwich TA, Meier T. A new type of proton 

coordination in an F1Fo-ATP synthase rotor ring. PLoS Biol 2010, Aug 

3;8(8):e1000443. 

47. Hakulinen JK, Klyszejko AL, Hoffmann J, Eckhardt-Strelau L, Brutschy B, 

Vonck J, Meier T. Structural study on the architecture of the bacterial ATP 

synthase Fo motor. Proc Natl Acad Sci U S A 2012, Jul 24;109(30):E2050-6. 

48. Watt IN, Montgomery MG, Runswick MJ, Leslie AG, Walker JE. Bioenergetic 

cost of making an adenosine triphosphate molecule in animal mitochondria. Proc 

Natl Acad Sci U S A 2010, Sep 28;107(39):16823-7. 

49. Steigmiller S, Turina P, Gräber P. The thermodynamic H+/ATP ratios of the H+-

ATP synthases from chloroplasts and Escherichia coli. Proc Natl Acad Sci U S A 

2008, Mar 11;105(10):3745-50. 

50. Wang D, Epstein D, Khalaf O, Srinivasan S, Williamson WR, Fayyazuddin A, et 

al. Ca2+-calmodulin regulates SNARE assembly and spontaneous 

neurotransmitter release via V-ATPase subunit Vo a1. J Cell Biol 2014, Apr 

14;205(1):21-31. 

51. Strasser B, Iwaszkiewicz J, Michielin O, Mayer A. The V-ATPase proteolipid 

cylinder promotes the lipid-mixing stage of snare-dependent fusion of yeast 

vacuoles. EMBO J 2011, Oct 19;30(20):4126-41. 

52. Hiesinger PR, Fayyazuddin A, Mehta SQ, Rosenmund T, Schulze KL, Zhai RG, 

et al. The V-ATPase Vo subunit a1 is required for a late step in synaptic vesicle 

exocytosis in Drosophila. Cell 2005, May 20;121(4):607-20. 



	 252 

53. Birman S, Meunier FM, Lesbats B, Le Caer JP, Rossier J, Israël M. A 15 kDa 

proteolipid found in mediatophore preparations from Torpedo electric organ 

presents high sequence homology with the bovine chromaffin granule 

protonophore. FEBS Lett 1990, Feb 26;261(2):303-6. 

54. Israël M, Morel N, Lesbats B, Birman S, Manaranche R. Purification of a 

presynaptic membrane protein that mediates a calcium-dependent translocation of 

acetylcholine. Proc Natl Acad Sci U S A 1986, Dec;83(23):9226-30. 

55. Morel N. Neurotransmitter release: The dark side of the vacuolar H+-ATPase. 

Biology of the Cell 2003, Oct;95(7):453-7. 

56. Peters C, Mayer A. Ca2+/calmodulin signals the completion of docking and 

triggers a late step of vacuole fusion. Nature 1998, Dec 10;396(6711):575-80. 

57. Peters C, Bayer MJ, Bühler S, Andersen JS, Mann M, Mayer A. Trans-complex 

formation by proteolipid channels in the terminal phase of membrane fusion. 

Nature 2001, Feb 1;409(6820):581-8. 

58. Moriyama Y, Iwamoto A, Hanada H, Maeda M, Futai M. One-step purification of 

Escherichia coli H+-ATPase (FoF1) and its reconstitution into liposomes with 

neurotransmitter transporters. Journal of Biological Chemistry 

1991;266(33):22141-6. 

59. Obrdlik P, Diekert K, Watzke N, Keipert C, Pehl U, Brosch C, et al. 

Electrophysiological characterization of ATPases in native synaptic vesicles and 

synaptic plasma membranes. Biochem J 2010, Mar 15;427(1):151-9. 

60. Xu J, Pang ZP, Shin OH, Südhof TC. Synaptotagmin-1 functions as a Ca2+ sensor 

for spontaneous release. Nat Neurosci 2009, Jun;12(6):759-66. 



	 253 

61. Coonrod EM, Graham LA, Carpp LN, Carr TM, Stirrat L, Bowers K, et al. 

Homotypic vacuole fusion in yeast requires organelle acidification and not the V-

ATPase membrane domain. Dev Cell 2013, Nov 25;27(4):462-8. 

62. Desfougères Y, Vavassori S, Rompf M, Gerasimaite R, Mayer A. Organelle 

acidification negatively regulates vacuole membrane fusion in vivo. Sci Rep 2016, 

Jul 1;6:29045. 

63. Mantri S, Sapra KT, Cheley S, Sharp TH, Bayley H. An engineered dimeric 

protein pore that spans adjacent lipid bilayers. Nat Commun 2013;4:1725. 

64. Vollmar M, Schlieper D, Winn M, Büchner C, Groth G. Structure of the c14 rotor 

ring of the proton translocating chloroplast ATP synthase. J Biol Chem 2009, Jul 

3;284(27):18228-35. 

65. Saroussi S, Schushan M, Ben-Tal N, Junge W, Nelson N. Structure and flexibility 

of the c-ring in the electromotor of rotary FoF1-ATPase of pea chloroplasts. PLoS 

One 2012;7(9):e43045. 

66. Jamshad M, Lin YP, Knowles TJ, Parslow RA, Harris C, Wheatley M, et al. 

Surfactant-free purification of membrane proteins with intact native membrane 

environment. Biochem Soc Trans 2011, Jun;39(3):813-8. 

67. Morel N, Poëa-Guyon S. The membrane domain of vacuolar H+-ATPase: A 

crucial player in neurotransmitter exocytotic release. Cell Mol Life Sci 2015, 

Jul;72(13):2561-73. 

68. Zhang W, Wang D, Volk E, Bellen HJ, Hiesinger PR, Quiocho FA. V-ATPase Vo 

sector subunit a1 in neurons is a target of calmodulin. J Biol Chem 2008, Jan 

4;283(1):294-300. 



	 254 

69. Srinivasan S, Vyas NK, Baker ML, Quiocho FA. Crystal structure of the 

cytoplasmic N-terminal domain of subunit I, a homolog of subunit a, of V-

ATPase. J Mol Biol 2011, Sep 9;412(1):14-21. 

70. El Far O, Seagar M. A role for V-ATPase subunits in synaptic vesicle fusion? J 

Neurochem 2011, May;117(4):603-12. 

71. Di Giovanni J, Boudkkazi S, Mochida S, Bialowas A, Samari N, Lévêque C, et al. 

V-ATPase membrane sector associates with synaptobrevin to modulate 

neurotransmitter release. Neuron 2010, Jul 29;67(2):268-79. 

72. Yap KL, Kim J, Truong K, Sherman M, Yuan T, Ikura M. Calmodulin target 

database. Journal of Structural and Functional Genomics 2000;1(2):8-14. 

73. Galli T, McPherson PS, De Camilli P. The V sector of the V-ATPase, 

synaptobrevin, and synaptophysin are associated on synaptic vesicles in a Triton 

X-100-resistant, freeze-thawing sensitive, complex. J Biol Chem 1996, Jan 

26;271(4):2193-8. 

74. Adams DJ, Arthur CP, Stowell MH. Architecture of the 

synaptophysin/synaptobrevin complex: Structural evidence for an entropic 

clustering function at the synapse. Sci Rep 2015, Sep 3;5:13659. 

75. Thomas L, Hartung K, Langosch D, Rehm H, Bamberg E, Franke W, Betz H. 

Identification of synaptophysin as a hexameric channel protein of the synaptic 

vesicle membrane. Science 1988, Nov 18;242(4881):1050-3. 

76. Gibson LC, Cadwallader G, Finbow ME. Evidence that there are two copies of 

subunit c" in Vo complexes in the vacuolar H+-ATPase. Biochem J 2002, Sep 

15;366(Pt 3):911-9. 



	 255 

77. Bueler SA, Rubinstein JL. Vma9p need not be associated with the yeast V-

ATPase for fully-coupled proton pumping activity in vitro. Biochemistry 2015, 

Jan 27;54(3):853-8. 

78. Hemmings BA, Zubenko GS, Hasilik A, Jones EW. Mutant defective in 

processing of an enzyme located in the lysosome-like vacuole of Saccharomyces 

cerevisiae. Proc Natl Acad Sci U S A 1981, Jan;78(1):435-9. 

79. Bukowska MA, Grütter MG. New concepts and aids to facilitate crystallization. 

Curr Opin Struct Biol 2013, Jun;23(3):409-16. 



	 256 

 
 

FIGURE V.1. Liposome sealing. Liposome proton leak was decreased by incorporating 
2 moles Ergosterol into the original lipid mixture -see chapter 2, Experimental procedures. 
However, signal stability depended also on (A) liposome size, (B) AMCA concentration, 
(C) sample volume, and (D) temperature. 

 
 
 
 

  



	 257 

 
 

FIGURE V.2. Native ion-binding pocket position. Although the V-ATPase c-ring 
contains three subunit c isoforms, there are only two ion-binding pocket types: 3 and 16. 
C-ring axial rotation in V1Vo holoenzyme might slow down every time the 31-16-pair 
interacts with aS792 and aR735, respectively -see text for further details. 
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FIGURE V.3. Intra- and inter-subunit chemical environments in the K10-ring 
(2BL2.pdb). (A) The functional intra-subunit K ion-binding pocket requires 5 hydrogen 
bonds from proximal residues to coordinate one Na+. (B) The inter-subunit K chemical 
environment at the same level lacks an essential carboxylate and charged residues to 
coordinate the Na+. Additionally, the presence of KTyr141 would obstruct Na+-
encapsulation. 
  

 
 

. 



	 259 

 
 
FIGURE V.4. Intra- and inter-subunit chemical environments in the c1(c2/3)9-ring 
(4BEM.pdb). (A) The intra-V-like subunit c1 chemical environment lacks an essential 
glutamate and a tyrosine to allow Na+-encapsulation. (B) The functional inter-subunit 
c1(c2/3), (C) intra-subunit c2/3 and (D) inter-subunit (c2/3)c1 Na+-binding pockets includes 
the residues absent in A. 
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FIGURE V.5. Comparison of the V-ATPase 3-pocket in the crystal and cryo-EM 
structures. If the hydrogen bond between the cTyr66hOH and cGlu137eO1 is preserved 
in the open and close conformations, then the cGlu137eO2 has to turn outward to break its 
interaction with cMet59dS. Moreover, cMet59 would also adopt a potential open 
conformation driven by rotation of cGlu137. Displayed hydrogen bond distances are the 
average of the 10 and 8 H+-binding pockets in our crystal (A) and cryo-EM structure (B), 
respectively. 
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FIGURE V.6. Intra-subunit chemical environments in the c8c’c’’-ring (Roh, Stam, et 
al, in preparation). (A) The intra-subunit c H+-binding pocket is similar to (B) the intra-
subunit c’ H+-binding pocket. (C) The presence of c’’S192 collapses the functionality of 
the intra-subunit c’’ chemical environment. Residues in red in the side-view (left) were 
removed in the top-view (right) for clarity purposes. 



	 262 

 
 

FIGURE V.7. Inter-subunit chemical environments in the c8c’c’’-ring (Roh, Stam, et 
al, in preparation). The presence of a glycine instead of a glutamate collapses the 
functionality of the chemical environment of the (A) inter-subunit c:c, (B) inter-subunit 
c:c’ and (C) inter-subunit c’:c’’. (D) The functional inter-subunit c’’:c1 H+-binding pocket 
contains cPhe135 instead of a Met when compared to the intra-subunit c and c’ ion-binding 
pockets (Figures V.5A and V.6).
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FIGURE V.8. V-ATPase ion-binding pocket permutations. Our mutagenesis studies 
suggest that c-ring axial rotation requires two ion-binding pockets in close proximity and 
different levels of optimization. Blue, pink and purple boxes represent the noted outer 
helices of c, c’ and c’’, respectively. The dotted box indicates the break of c-ring radial 
symmetry by the c’’ presence. The green, red and gray spheres represent the optimal 3-, 
sub-optimal 16- and impaired-pockets, respectively -see text for further details. 
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FIGURE V.9. Increase of 3-pocket content promotes c-ring axial rotation. Double-point mutation cG61E/F135M transformed the 
inter-subunit c:c chemical environment and the native 16-pocket into functional 3-pockets. The lineage of insertions and deletions started 
with the background strain VMA3::Ura3. 
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FIGURE V.10. Switching the glutamate gap in the V-ATPase c-ring. (A) The 
simultaneous switch of c’’E108 from H3 to H5 and c’E145 from H4 to H2 generates the 
glutamate gap switch. (B) Our mutant presented the strong vma- phenotype and discrete 
growth was detected in YPD + 60 mM Ca2+. The functional c-ring would contain two 
proximal ion-binding pockets of different optimization -see Figure V.8.
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FIGURE V.11. Proton pumping assays. Vacuoles were isolated from indicated c’’ 
mutants and proton pumping assays were carried out using standard protocols. Solid traces, 
ATP and Concanomycin A was added at 200s and 400s, respectively. Dotted trace, 
samples were pre-incubated with Concanomycin A for 10 min before starting the 
experiment and ATP was added at 400s. 
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FIGURE V.12. Canonical and non-canonical ion-translocation in Vo. The canonical 
proton translocation involves the c-ring axial rotation whereas the non-canonical ion-
translocation involves release of subunit d.
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FIGURE V.13. Monomeric c-ring dimerizes in flat lipid membranes. 500 µg of 
monomeric c-ring was reconstituted into DOPC containing nanodics and separated from 
empty nanodiscs in a S200 column using similar conditions as described in Experimental 
procedures in chapter 4. (A) The chromatogram shows the presence of a small peak that 
ran in the same fraction than dimeric c-ring in nanodiscs (Figure IV.3). (B) Silver stained 
13% SDS-PAGE shows that Fractions 53-57 contain higher concentration of c-ring. The 
monomeric c-ring co-eluted with the empty nanodisc (Fractions 66-70). 
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FIGURE V.14. VoDd dimerizes in solution. LPPG-solubilized VoDd was applied onto a 
S200 column at similar conditions as described in Experimental procedures in chapter 3. 
(A) The chromatograph shows the presence of a unique peak. (B) Silver stained 13% SDS-
PAGE shows that the predominant peak contained VoDd. A trace of Vo was also observed 
at late fractions (47-53) suggesting that VoDd would be at least double of the size. A 
hypothetical VoDd dimer is depicted in the inset of panel A.
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FIGURE V.15. A predicted Ca2+-calmodulin site in the V-ATPase c-ring. Our cryo-
EM c8c’c’’ structure (Roh, Stam, et al, in preparation) was threaded against a Ca2+-
calmodulin database. The (A) top-view of the c-ring and (B) side-view of c’’ depict the 
predicted Ca2+-calmodulin binding site in red. 
 
 

 

	


