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ABSTRACT 
Near-Atomic Resolution Structure of the Yeast Vacuolar (V-) ATPase Membrane 

Sector Vo in Lipid Nanodisc 
Nicholas J. Stam 

 
Vacuolar ATPase (V-ATPase) is a large multisubunit enzyme that acidifies subcellular 

organelles and the extracellular space. Its activity is regulated by reversible disassembly, 

causing V-ATPase dissociation into soluble V1-ATPase and membrane-integral Vo proton 

channel sectors. 

The goal of this thesis project was to observe the yeast Vo in a physiologically 

relevant, auto-inhibited state, i.e. in its form dissociated from the ATPase sector, V1, in 

order to better visualize the closed pore and to identify testable hypotheses on why the 

pore remains closed following dissociation from V1. Towards this aim we present two 

chapters: 

In Chapter 1, we detail a single-particle negative stain EM study of lipid nanodisc 

reconstituted Vo, which suggested dissociated Vo is halted in the so-called rotational state 

3 of the holo-enzyme. We performed site directed mutagenesis and binding studies of 

subunits a and d to test and validate this hypothesis. 

In Chapter 2, we further detail lipid nanodisc reconstituted Vo in a high-resolution 

cryoEM structure, confirming our earlier identification of Vo resting in rotational state 3, 

and providing structural information of the sector at the amino acid level. Through this 

work we proposed a possible mechanism for transmembrane proton transport in the V-

ATPase and identified a new subunit member of Vo, assembly factor Voa1. 

 The studies shown here highlight the potential of lipid nanodisc reconstitution of 

membrane protein complexes, give insight into a conformational mismatch between 

autoinhibited V1 and halted Vo with the implication that the mismatch may serve to 
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prevent unintended reassembly of V-ATPase upon activity silencing, and propose a 

chemical basis for transmembrane proton transport in the Vo proton pore. 
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ABSTRACT 

Eukaryotic vacuolar H+-ATPase (V-ATPase) is a multisubunit enzyme complex that 

acidifies subcellular organelles and the extracellular space. V-ATPase consists of soluble 

V1-ATPase and membrane-integral Vo proton channel sectors. To investigate the 

mechanism of V-ATPase regulation by reversible disassembly, we recently determined a 

cryo-EM reconstruction of yeast Vo. The structure indicated that, when V1 is released 

from Vo, the N-terminal cytoplasmic domain of subunit a (aNT) changes conformation to 

bind rotor subunit d. However, insufficient resolution precluded a precise definition of 

the aNT-d interface. Here we reconstituted Vo into lipid nanodiscs for single-particle EM. 

3D reconstructions calculated at ∼15-Å resolution revealed two sites of contact 

between aNT and d that are mediated by highly conserved charged residues. Alanine 

mutagenesis of some of these residues disrupted the aNT-dinteraction, as shown by 

isothermal titration calorimetry and gel filtration of recombinant subunits. A recent cryo-

EM study of holo V-ATPase revealed three major conformations corresponding to three 

rotational states of the central rotor of the enzyme. Comparison of the three V-ATPase 

conformations with the structure of nanodisc-bound Vo revealed that Vo is halted in 

rotational state 3. Combined with our prior work that showed autoinhibited V1-ATPase to 

be arrested in state 2, we propose a model in which the conformational mismatch 

between free V1 and Vo functions to prevent unintended reassembly of holo V-ATPase 

when activity is not needed. 
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INTRODUCTION 

The vacuolar H+-ATPase (V-ATPase,2 V1Vo-ATPase) is a large multisubunit enzyme 

complex found in the endomembrane system of all eukaryotic cells, where it acidifies the 

lumen of subcellular organelles, including lysosomes, endosomes, the Golgi apparatus, 

and clathrin-coated vesicles (1–4). V-ATPase function is essential for pH and ion 

homeostasis (2), protein trafficking, endocytosis, mechanistic target of rapamycin 

(mTOR) (5, 6), and Notch (7) signaling as well as hormone secretion (8) and 

neurotransmitter release (9). In animals, V-ATPase can also be found in the plasma 

membrane of polarized cells, where its proton pumping function is involved in bone 

remodeling, urine acidification, and sperm maturation (1). The essential nature of 

eukaryotic V-ATPase is highlighted by the fact that complete loss of V-ATPase activity 

in animals is embryonic lethal (10). On the other hand, partial loss of enzyme function (or 

hyperactivity) has been associated with numerous widespread human diseases, including, 

but not limited to, renal tubular acidosis (11), osteoporosis (12), neurodegeneration (13), 

male infertility (14), deafness (15), diabetes (8), and cancer (16). Furthermore, V-ATPase 

is targeted by pathogens such as Mycobacterium tuberculosis or Legionella 

pneumophila (17, 18) to facilitate pathogen entry and survival. Because of its essential 

nature and key role in so many human diseases, V-ATPase has been identified as a 

potential drug target (19–21). 

V-ATPase can be divided into a soluble catalytic sector, V1, and a membrane-

integral proton channel sector, Vo (Fig. 1). In the yeast Saccharomyces cerevisiae, V1 is 

composed of eight different polypeptides, AB(C)DEFGH, that are arranged in an 

A3B3catalytic hexamer with a central stalk made of DF and three peripheral stators (EG 
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heterodimers), one of which binds the single-copy H subunit. The ∼320-kDa Vocontains 

subunits acc'c”de, which are organized in a membrane-integral “proteolipid” ring (c8c'c” 

(22, 23)), a membrane-bound subunit a with an integral C-terminal domain (aCT) that is 

bound at the periphery of the proteolipid ring, and an N-terminal cytoplasmic domain 

(aNT) that is bound to subunit d (Fig. 1). The stoichiometry, location, and function of 

subunit e are not known. Eukaryotic V-ATPase belongs to the family of energy-

transducing rotary motor ion pumps that also includes F1Fo-ATP synthase, archaeal A-

ATPase, and bacterial A/V-like ATPase (24, 25). In V-ATPase, ATP hydrolysis at three 

catalytic sites in the A3B3 hexamer is coupled to proton translocation via rotation of 

V1 subunits DF that are connected to the subunit d-proteolipid ring subcomplex of Vo. 

Proton translocation is through two aqueous half-channels at the interface of aCT and the 

proteolipid ring and involves membrane-embedded essential glutamate and arginine 

residues in the c subunits and aCT, respectively. 

V-ATPase function is regulated in vivo by a unique mechanism referred to as 

reversible disassembly, a condition under which the enzyme dissociates into membrane-

bound Vo and cytoplasmic V1 sectors (26, 27) (Fig. 1). Reversible dissociation of V-

ATPase is well characterized in the model organism S. cerevisiae (28), but more recent 

data suggest that the mammalian enzyme is regulated by a similar process in some cell 

types (5, 29–31). Although the assembly status of yeast V-ATPase is mainly governed by 

nutrient availability (32), the situation in mammalian cells appears to be more complex. 

Besides glucose levels (30), V-ATPase assembly in animal cells can be induced by a 

variety of signals, including cell maturation (33) and stimulation by hormones (34) and 

growth factors (6). Upon enzyme dissociation, the activity of both sectors is silenced; that 
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is, the V1 no longer hydrolyzes MgATP (35, 36), and the Vo no longer translocates 

protons (37, 38). Although studies in yeast suggest that V1 activity silencing depends on 

the C-terminal domain of subunit H, possibly together with inhibitory MgADP 

(35, 39, 40), the mechanism by which passive proton transport across Vo is blocked is 

less well understood. 

The structure of eukaryotic V-ATPase has been analyzed by EM, and together 

with crystal structures of individual subunits and subcomplexes from yeast V-ATPase 

and related bacterial enzymes, the EM reconstructions have allowed generation of 

pseudoatomic models of the intact enzyme (22, 41, 42) and its functional V1 (43) and 

Vo (38, 44) sectors. Although the resulting structural models together with biochemical 

data provide valuable information on the mechanism of ATP hydrolysis-driven proton 

pumping, we only have a limited understanding of the mechanism of reversible enzyme 

dissociation and reassociation. We recently obtained a cryo-EM reconstruction of yeast 

Vo (38), and although a comparison with EM models of holo V-ATPase showed 

that aNT undergoes a large structural change to bind the rotor subunit d in free Vo, the 

resolution of the model was insufficient to precisely define the aNT-d interface. 

Here we present a negative-stain 3D EM reconstruction of lipid nanodisc-

reconstituted Vo calculated at a resolution of ∼15 Å. The model of nanodisc-bound 

Vosuggests that the interaction between aNT and subunit d is mediated by charge 

complementation between acidic and basic residues on d and aNT, respectively. Site-

directed mutagenesis and isothermal titration calorimetry experiments conducted with 

recombinant subunits identified acidic and basic patches on d and aNT that mediate 

the aNT-d interaction. A comparison with the recent EM reconstructions of yeast V-
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ATPase in three states (22) suggests that, upon enzyme dissociation, free Vo is halted in 

state 3. We showed previously that autoinhibited, membrane-detached V1-ATPase is 

halted in state 2 (45), and we propose that this conformational mismatch to state 3 

Vo could function to prevent unintended reassembly of holo V-ATPase under conditions 

when the proton pumping activity of the enzyme is not needed. 
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RESULTS 

Purification of Vo Membrane Sector and Reconstitution into Lipid Nanodiscs 

We previously developed a procedure for purification of milligram amounts of yeast V-

ATPase Vo sector for functional and structural studies (38). Briefly, Vo was solubilized 

from vacuolar membranes and affinity-captured via a calmodulin binding peptide fused 

to the C terminus of the vacuole-specific isoform of subunit a (Vph1p). For structural 

studies under more native-like conditions, Vo was reconstituted into lipid nanodiscs as 

described under “Experimental Procedures” (Fig. 2). Purified detergent-solubilized 

Vo (Fig. 2a) was mixed with Escherichia coli polar lipids and the recombinant membrane 

scaffold protein MSP1E3D1 (Fig. 2b), followed by detergent removal with polystyrene 

beads. In a final purification step, Vo-containing nanodiscs (VoND) were separated from 

“empty” discs by a second calmodulin affinity binding step followed by size exclusion 

chromatography on a Superdex S200 column (Fig. 2, cand d). Peak fractions of VoND 

eluted from the gel filtration column were pooled, and the concentrated preparation was 

analyzed by SDS-PAGE and silver staining (Fig. 2e). 

 

3D EM Reconstruction of VoND 

We initially generated a dataset of ∼30,000 particles from EM images of negatively 

stained VoND. However, attempts to reconstruct a 3D model of the complex using 

reference-free algorithms were unsuccessful, likely because of the limited size of the 

complex and the lack of characteristic features required for alignment. Models did not 

converge on a specific handedness, i.e. orientation of aNT with respect to the membrane 

sector, and density for aNT was smeared out over the membrane and did not allow us to 
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distinguish its positioning relative to subunit d. We therefore decided to make use of the 

calmodulin binding peptide on the C terminus of subunit a to introduce an additional 

asymmetry to aid in alignments and angle determination in the 3D startup procedure. 

Purified calmodulin (CaM) was incubated with VoND, followed by removal of excess 

CaM using glycerol gradient centrifugation (Fig. 2, f–h). Negative stain electron 

microscopy showed that the final VoND-CaM preparation was monodisperse, with an 

average diameter of the particles of ∼12 nm (Fig. 3a). A dataset of ∼40,000 particles, 

generated from 380 micrographs such as shown in Fig. 3a, was subjected to reference-

free alignment procedures as implemented in EMAN2. Fig. 3b shows class averages of 

side, top, and intermediate view projections (center row), representative raw particle 

images (top row), and the corresponding reprojections of the final 3D model (bottom 

row). Class averages, including those shown in Fig. 3b, were used for a 3D startup 

procedure in EMAN2, and the resulting 3D reconstruction was refined until stable. At 

this point, the reconstruction was strongly low pass-filtered and used as input for the 3D 

autorefinement procedure as implemented in the Relion 1.3 software package. The model 

was then refined until no further improvement was observed. The resolution of the final 

VoND-CaM 3D reconstruction was estimated to be 14.9 Å (20.3 Å at 0.5 correlation) 

using the “gold standard” FSC protocol as implemented in Relion 1.3 (Fig. 3c). 

 The final VoND-CaM model was strongly low pass-filtered to serve as a reference 

for a new VoND dataset (∼47,000 images) using the Relion 3D autorefinement procedure 

as described for the VoND-CaM dataset. The 3D autorefinement converged to a final 

model of VoND with an estimated gold standard resolution of ∼14.9 Å (16.3 Å at 0.5 

correlation, Fig. 3d). As can be seen from Fig. 3, c and d, the final VoND-CaM and VoND 
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models are very similar except for a small density in the VoND-CaM map that is due to 

the CaM bound at the a subunit C terminus (Fig. 3c, top panel, red circle). However, 

because the VoND-CaM map showed slightly more detail, we used this model to illustrate 

the features of nanodisc-bound Vo as summarized in Fig. 4. 

 Side, top, and bottom views of the VoND-CaM model are illustrated in Fig. 4, a–

c, showing the characteristic features as seen in earlier reconstructions of bovine (44) and 

yeast (38) Vo, including the densities above the membrane (aNT and subunit d), the cleft 

between the density for aCT and the c-ring (Fig. 4a, arrowhead), which opens into a 

solvent (stain)-accessible pore as seen in the bottom view (Fig. 4c, arrowhead), and the 

large cavity on the cytoplasmic side of the c-ring (Fig. 4b, arrowhead). Semiautomatic 

fitting of homology models of the yeast Vo subunits into the EM density is summarized 

in Fig. 4, d–f. As illustrated in Fig. 4, d and e, aNT (blue) was positioned with its proximal 

lobe (which is comprised by the N and C termini of subunit a, domain nomenclature as in 

Ref. 46) near the connection point to the membrane-bound aCT, placing its distal lobe near 

the central density corresponding to subunit d (green). Because of its pseudo-3-fold 

symmetry and the limited resolution of the EM reconstruction, the yeast 

subunit d homology model could be fit in three orientations corresponding to rotational 

states 1, 2, and 3, as seen in the recent cryo-EM reconstructions of intact yeast V-ATPase 

(22). However, only the orientation corresponding to state 3 preserved the contact 

between the subunit d N-terminal α helix and the cytoplasmic face of the c subunit ring, 

as seen in the recent cryo-EM model of holo V-ATPase in state 3 (22) (Fig. 4g), and we 

therefore explored the contacts between aNT and d predicted by this configuration (Fig. 
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4h, see below). For filling the density corresponding to the yeast c-ring, we used the 

crystal structure of the K10 ring from Enterococcus hirae (47) (Fig. 4h, magenta). 

 

Interaction of aNT and Subunit d 

We previously reported a 3D reconstruction from cryo-EM images of detergent-

solubilized yeast Vo that showed aNT and subunit d in close proximity (38). Although 

subsequent binding studies using recombinant aNT (residues 1–372, aNT(1–372)) 

and drevealed a Kd of the aNT(1–372)-d interaction of ∼5 μM (38), the resolution of the cryo-

EM model, was insufficient to define the binding site(s) between aNT and d in detail. Fig. 

4h illustrates the interface between aNT and subunit d based on the fitting of the homology 

models into the EM density of the VoND-CaM model presented here. As can be 

seen, aNT and subunit d appear to contact each other via two distinct sites near the 

proximal and distal lobes of aNT (Fig. 4h). The contact near the distal lobe (Fig. 

4h, bottom right) is mediated by two short α helices, one from aNT (residues 242–256, 

yeast subunit a isoform Vph1p) and one from subunit d (residues 144–154). The other 

site near the proximal lobe of aNT is mediated by a short helix-turn-helix motif 

in d (residues 38–58) and a less well defined face in aNT (Fig. 4h, bottom left). Many of 

the acidic and basic residues involved in these two contact sites are highly conserved 

from yeast to human (see isothermal titration calorimetry sections below). Considering 

the conserved nature of the charged residues, we reasoned that complex formation 

between aNT and d could be driven by electrostatic interactions involving the conserved 

residues. To test this hypothesis, we generated aNT double (R250A,K251A) and quadruple 

mutants (K247A,R250A,K251A,E254A) in the short α helix in the distal lobe of aNT and 
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triple (D144A,E146A,E150A) and quadruple (D37A,D40A,D41A,K43A) mutants in 

subunit d for in vitro binding experiments using isothermal titration calorimetry (ITC). 

As a negative control, we generated a triple mutant of d in an area predicted to be outside 

of the aNT-d contact area (E198A,E199A,E202A). 

The wild type and alanine mutants of aNT(1–372) and subunit d were expressed as N-

terminal fusions with maltose binding protein (MBP) connected via a protease cleavage 

site as described previously (38). The proteins were purified away from MBP via anion 

exchange and size exclusion chromatography. Purity and proper folding of the 

resulting aNT(1–372) and subunit d constructs was confirmed by Coomassie-stained SDS-

PAGE and CD spectroscopy, respectively (Fig. 5, a and b). As can be seen from the CD 

spectra, all aNT(1–372) and subunit d mutant proteins showed minima at 208 and 222 nm 

similar to the wild-type subunits and characteristic for highly α-helical proteins, 

indicating that the mutations did not interfere with proper folding of the recombinant 

subunits. 

 

Isothermal Titration Calorimetry of Mutant aNT(1–372) and Wild-type d 

We first conducted ITC titrations with double and quadruple mutants of the conserved 

charged residues in the short α helix of the aNT distal domain that were facing 

subunit d (Fig. 6a). Titrating subunit d into wild-type aNT(1–372) revealed an exothermic 

binding reaction (Fig. 6b). Fitting the data with a single-site binding model revealed a 

∼1:1 stoichiometry with a Kd of 6.7 μM, similar to what we obtained earlier by 

titrating aNT(1–372) into subunit d (38). The ΔH and ΔS were −34.2 kJ/mol and −21.6 

J·(mol·K)−1, respectively, giving a ΔG of the enthalpy-driven binding reaction of −28.1 
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kJ/mol. Titrating subunit d into the double aNT(1–372) mutant (R250A,K251A) produced 

significantly less heat (ΔH = −7.4 kJ/mol), but, at the same time, the Kd was similar 

compared with the wild-type proteins (Kd = 4 μM, Fig. 6c) and appeared to be partly 

driven by entropy (ΔS = 77.8 J·(mol·K)−1, ΔG = −29.4 kJ/mol). On the other hand, 

titrating subunit d into the quadruple mutant of aNT(1–372)(K247A,R250A,K251A,E254A) 

resulted in a weak endothermic reaction that could not be fit to a single site model 

without fixing the stoichiometry at 1:1 (Fig. 6d). Under these conditions, the Kd was ∼1 

mM, indicating that replacement of all four conserved charged residues by alanines 

disrupted the interaction between aNT(1–372) and d. 

 The cell contents of the ITC experiments (with titrated wild-type aNT(1–372), double 

mutant, and quadruple mutant) were subjected to size exclusion chromatography as 

described under “Experimental Procedures.” Subunit d and aNT(1–372) alone eluted at 65 

and 60 ml, respectively (Fig. 6, e and f). Note that although subunit d alone runs as a 

monodisperse monomer (Fig. 6, e and j), aNT(1–372) exists in a concentration-dependent 

monomer-dimer equilibrium as reported earlier (38) and as evident from its elution 

profile and accompanying SDS-PAGE gel (Fig. 6, f and k). The elution profile of the 

mixture of wild-type aNT(1–372) and d revealed two peaks at 58 and 65 ml (Fig. 6g), and 

analysis by SDS-PAGE showed that the peak around 58 ml (fraction 29) contained close 

to stoichiometric amounts of aNT(1–372) and d (Fig. 6l). The relatively small shift of 2 ml 

(one fraction) toward larger molecular size is consistent with the moderate Kd of the aNT(1–

372)-d complex formation of 6.7 μM and in close agreement with our previous study (38). 

In the size exclusion profile of the double mutant titration (subunit d into aNT(1–

372)R250A,K251A), the interacting peak is shifted slightly to a larger volume at ∼61 ml as 
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a shoulder of the subunit d peak (∼66 ml) (Fig. 6h), indicating a weakening of the aNT(1–

372)-d interaction and consistent with the reduced binding enthalpy and the SDS-PAGE gel 

of the peak fractions (Fig. 6m). This trend is continued for the titration of the quadruple 

mutant (subunit d into aNT(1–372) K247A,R250A,K251A,E254A), which only shows a 

shoulder for aNT unresolved from the subunit d peak (Fig. 6i) with elution profiles similar 

to the individual subunits (Fig. 6n). Taken together, the ITC and gel filtration data 

showed that mutation of the conserved charged residues on the short α helix in the distal 

domain of aNT disrupts the aNT-d interaction. 

 

Isothermal Titration Calorimetry of Mutant d and Wild-type aNT(1–372) 

As mentioned above, subunit d appears to contact aNT at two sites, the short α helix in the 

distal domain and at a second site near the proximal domain (Fig. 4h). To verify the fit of 

subunit d in the EM model and to test whether the contact site near the proximal lobe 

of aNT contributes to the interaction between the two subunits, we generated triple and 

quadruple mutants of subunit d by replacing conserved charged residues that are 

facing aNT from the two sites on d (Fig. 7, a and e). ITC titrations of both triple (Fig. 7b) 

and quadruple (Fig. 7f) alanine mutants of d with wild-type aNT(1–372) revealed weak 

endothermic reactions that could not be fit to a single site binding model without 

fixing n = 1. Under these conditions, the Kds for the two titrations of the triple and 

quadruple mutants of d were ∼0.25 mM and ∼1.7 mM, respectively. Consistent with the 

ITC titrations, gel filtration profiles (Fig. 7, c and g) and SDS-PAGE of the peak fractions 

(Fig. 7, d and h) indicated elution of non-interacting subunits. Contrary to the alanine 

mutations of residues predicted to be in the aNT-d binding interface (Fig. 7, a–h), 
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mutagenesis of a patch of acidic residues outside the interface (E198A,E199A,E202A) 

did not interfere with complex formation (Fig. 7, i–l). Taken together, the ITC and gel 

filtration experiments showed that both contact sites between aNT and d as seen in the EM 

fit contribute to the binding interaction between the two subunits. However, because 

disrupting either of the two sites weakened the interaction beyond detection by ITC or gel 

filtration, this suggests that the individual interactions are weak and that only the 

combined avidity of the two interactions results in a measurable affinity. 
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DISCUSSION 

We have developed a protocol to reconstitute purified V-ATPase Vo membrane sector 

into lipid nanodiscs. When reconstituted into nanodiscs, Vo is stable, as evident from the 

lack of subunit a degradation products (Fig. 2e) sometimes seen in the detergent-

solubilized complex (38). Negative stain EM showed that the preparation is 

monodisperse, and we were able to reconstruct 3D models of the nanodisc-bound Vowith 

and without calmodulin bound to the calmodulin binding peptide at the C terminus of 

subunit a. Fitting of aNT and subunit d homology models into the EM density revealed 

that the two subunits are in contact, as described previously for the negative stain and 

cryo-EM models of detergent solubilized bovine and yeast Vo, respectively (38, 44). 

However, the slightly better resolution of the VoND models allowed us to identify two 

sites of contact between aNT and d, both involving charged and highly conserved residues. 

ITC analysis of triple and quadruple alanine mutants of aNT and d confirmed the 

involvement of the charged residues in the interaction, but the analysis also showed that 

the individual interactions are weak and that only the combined avidity of both binding 

sites leads to a measurable Kd of ∼6 μM (Ref. 38and the data presented here). As 

mentioned under “Introduction,” V-ATPase is regulated by a reversible disassembly 

mechanism that results in membrane-detached V1 and membrane-bound free Vo. A 

relatively moderate affinity between dand aNT can be rationalized by the fact that this 

interaction has to be broken when reassembly of holo V-ATPase is initiated. 

 A comparison of the VoND 3D models with the recent cryo-EM reconstructions 

of holo V-ATPase in three states (22) revealed that free Vo appears to be halted in rotary 

state 3 based on the orientation of subunit d relative to aNT. As mentioned under 
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“Results,” because of the limited resolution of the VoND 3D models and because of the 

pseudo-3-fold symmetry of subunit d, d could also be fit in the state 2 orientation with a 

comparable model-map correlation compared with the state 3 fit (the fit of state 1 is of 

much lower quality, see Fig. 4). The ITC data, however, are only consistent with the state 

3 orientation. Furthermore, only the state 3 orientation preserves the contact between the 

N-terminal α helix of d and the cytoplasmic loops of the proteolipid ring, as seen in the 

models of all three states of the holo enzyme (22). Taken together, the data therefore 

indicate that free Vo is halted in a single conformation corresponding to state 3 of holo V-

ATPase. 

 Recently, we determined the 6.2 to 6.5-Å crystal structure of autoinhibited yeast 

V1-ATPase (40). Interestingly, a comparison of the structure of autoinhibited V1 with the 

structure of V1 as part of holo V-ATPase (22) revealed that the membrane-detached V1 is 

halted in state 2 based on the rotational position of the DF rotor relative to the inhibitory 

H subunit (40). The observation that autoinhibited V1 is halted in state 2 together with the 

findings presented here that free Vo is halted in state 3 indicates that there is a 

conformational mismatch between the two complexes as a result of regulated enzyme 

disassembly. We speculate that this mismatch may serve to prevent unintended 

reassembly of the enzyme when the disassembled state is required. How this mismatch is 

relieved when reassembly is required is not known, but it is possible that V1 binding to 

the assembly chaperone regulator of the H+-ATPase of vacuolar and endosomal 

membranes (RAVE) (48) changes V1 conformation to enable Vo binding. Another 

possibility is that the Vo conformation is altered by interaction with specific 
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phosphoinositides that have been shown to bind to Vo and promote enzyme assembly on 

the vacuolar membrane (49). 

 Here we have shown that yeast Vo can be reconstituted into lipid nanodiscs, 

resulting in a highly monodisperse preparation that is amenable to structure determination 

by single-molecule EM. Future studies using cryo-EM will allow high-resolution 

structural studies of the complex in a more native environment compared with the 

detergent-solubilized state, allowing, for example, an examination of the interaction with 

specific lipid molecules that have been shown to be either essential for V-ATPase 

function (50) or involved in the mechanism of reversible enzyme disassembly (49). These 

studies are ongoing in our laboratory. 
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EXPERIMENTAL PROCEDURES 

Reagents 

Undecyl-β-D-maltoside (UnDM) was from Anatrace. E. coli polar lipid extract was 

obtained from Avanti. Calmodulin-Sepharose beads were from GE Healthcare or Agilent. 

CDTA was from Fisher Scientific. All other reagents were of analytical grade. 

 

Purification of Yeast Vo 

Cell growth of a yeast strain expressing subunit a isoform Vph1p with a C-terminal 

fusion of calmodulin binding peptide, membrane preparation, and Vo extraction and 

purification were performed as described previously (38) with the following 

modifications. Yeast cells were harvested during the second log phase by centrifugation 

at 2600 × g, washed in water, and resuspended in lysis buffer (25 mMTris-HCl (pH 7.4), 

500 mM sorbitol, and 2 mM EGTA), and broken in a Bead Beater (Omni International) 

using zirconium beads (BioSpec). After removing cell debris and mitochondria by low-

speed (2500 × g, 10 min) and medium-speed (12,000 × g, 20 min) centrifugation, 

membranes were collected by ultracentrifugation (370,000 × g, 2 h), washed once in 

buffer (25 mM Tris-HCl (pH 7.4) and 500 mM sorbitol), and pelleted again (370,000 × g, 

1 h). The total protein concentration of the membrane samples was determined by BCA 

protein assay (Thermo Scientific) of trichloroacetic acid-precipitated membranes. 

Isolated membranes were diluted to 10 mg/ml and stored at −80 °C until use. 

Membranes were solubilized by addition of UnDM from a 20% stock solution in 

water to a final concentration of 0.6 mg of detergent/mg of membrane protein for 1 h 

with gentle agitation. Extracted membranes were supplemented with 4 mM CaCl2 and 
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centrifuged at 180,000 × g for 1 h to remove the insoluble fraction. The supernatant was 

then applied to a 5-ml calmodulin-Sepharose column pre-equilibrated in calmodulin 

washing buffer (10 mM Tris-HCl (pH 8), 150 mM NaCl, 2 mM CaCl2, 10 mMβ-

mercaptoethanol, and 0.1% UnDM). The column was washed with 5 column volumes 

each of washing buffer and washing buffer without NaCl and eluted with elution buffer 

(10 mM Tris-HCl (pH 8), 10 mM CDTA, 10 mM β-mercaptoethanol, and 0.1% UnDM). 

 

Preparation of Membrane Scaffold Protein 

Membrane scaffold protein MSP1E3D1 (MSP) was expressed in E. coli BL21 (DE3) via 

a pET28a plasmid (Addgene, 20066) as described previously (51) with the following 

modifications. Briefly, the strain was grown to mid-log phase in terrific broth (25 g/liter 

Luria-Bertani-Miller broth (EMD Biosciences) supplemented with 0.4% (v/v) glycerol). 

Expression was induced with 1 mM isopropyl 1-thio-β-D-galactopyranoside (BioVectra) 

for 1 h at 37 °C, followed by 3.5 h at 28 °C. Cells were harvested by centrifugation, 

resuspended in lysis buffer (25 mM sodium phosphate (pH 8) and 1% Triton X-100) and 

lysed with a French press (Spectronic Unicam). Lysate was cleared by centrifugation 

(17,000 × g) and passed over a nickel-nitrilotriacetic acid affinity column (Qiagen). The 

column was washed in place with each of three buffers: 40 mMTris-HCl, 300 mM NaCl, 

and 1% Triton X-100, pH 8); 40 mM Tris-HCl, 300 mM NaCl, 50 mM sodium cholate, 

and 5 mM imidazole (pH 8); and 40 mM Tris-HCl, 300 mM NaCl, and 10 mM imidazole 

(pH 8). Protein was eluted with a 10-column volume linear gradient of elution buffer (40 

mM Tris-HCl, 300 mM NaCl, and 100 mM imidazole (pH 8)) and dialyzed against 40 

mM Tris-HCl, 100 mM NaCl, and 0.5 mM EDTA (pH 7.4). MSP-containing fractions 
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were pooled and concentrated by ultrafiltration using an Amicon cell with an XM50 filter 

membrane. Purified MSP was stored at −80 °C until use. 

 

Lipid Nanodisc Reconstitution of Vo 

E. coli total lipid extract (Avanti Polar Lipids) was suspended by sonication in disc-

forming buffer (20 mM Tris-HCl (pH 7.4), 100 mM NaCl, and 0.5 mM EDTA) with the 

addition of 1 mM DTT (EMD Millipore). Detergent-solubilized Vo, purified MSP, and 

lipid were combined at a molar ratio of 0.02:1:25 with the addition of protease inhibitors, 

1 mM PMSF, 1 mM leupeptin, 1 mM pepstatin, and 1 mM chymostatin (EMD 

Biosciences) and incubated at room temperature for 1 h with mixing. Prewashed Bio-

Beads SM-2 (Bio-Rad) were added at 0.4 g/ml and incubated with mixing for 2 h at room 

temperature. The self-assembled nanodisc sample was recovered from the Bio-Bead 

mixture with a syringe. To remove unfilled (empty) nanodiscs (ND) from Vo-containing 

discs (VoND), the reconstituted sample was supplemented with 10 mMCaCl2 and applied 

to a 1-ml calmodulin resin column, washed with disc-forming buffer and eluted with the 

same buffer without CaCl2 and supplemented with 10 mMCDTA. As a final polishing 

step, the eluted VoND sample was concentrated to 2 ml, applied to a Superdex 200 HR 

16/500 column on an AKTA FPLC (GE Healthcare) equilibrated with disc-forming 

buffer and eluted at 0.5 ml/min. 

 

Preparation of Calmodulin 

The gene for human calmodulin 1 was synthesized (BioBasic, Markham, ON, Canada) 

and cloned into a modified pMAL-c2E expression vector with a Prescission protease 
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cleavage site between MBP and the N terminus of calmodulin. Briefly, E. coli Rosetta 2 

harboring the calmodulin expression plasmid was grown to mid-log phase in rich broth 

(Luria broth supplemented with 0.2% glucose), and expression was induced with 1 

mM isopropyl 1-thio-β-D-galactopyranoside for 18 h at 18 °C. Cells were harvested by 

centrifugation, resuspended in lysis buffer (20 mM Tris-HCl (pH 7.4), 200 mM NaCl, 

and 1 mM EDTA and lysed by sonication (Hielscher Ultrasonics). The lysate was cleared 

by centrifugation at 20,000 × g and passed over a pre-equilibrated amylose column (New 

England Biolabs). Bound protein was washed using the same buffer and eluted with the 

buffer supplemented with 10 mM maltose. Protein was cleaved using Prescission 

protease to remove the MBP tag and dialyzed into anion exchange buffer (20 mM Tris-

HCl (pH 7.4), 1 mM EDTA, and 1 mM DTT). The sample was passed over a MonoQ 

anion exchange column attached to an FPLC and pre-equilibrated in buffer and eluted 

using a 30-column volume linear gradient of buffer to buffer plus 500 mM NaCl. 

Calmodulin-containing fractions were pooled, concentrated, and subjected to size 

exclusion chromatography (Superdex 75 16/500 column). For fluorescence detection of 

calmodulin, residue Ala-47 was changed to cysteine using QuikChange site-directed 

mutagenesis with the following primers: A47_fwd, GCC AGA ATC CAA CCG AAT 

GTG AAC TGC AAG ATA TGA TTA ACG; A47_rev, CGT TAA TCA TAT CTT 

GCA GTT CAC ATT CGG TTG GAT TCT GGC. For fluorescence detection, 

calmodulin (A47C) was reacted with fluorescein maleimide for 1 h in the dark. Excess 

label was removed by a Sephadex G25 spin column. 
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Labeling of VoND with Calmodulin 

Purified calmodulin was added in a 5:1 molar ratio to VoND, and the sample was loaded 

onto a discontinuous glycerol gradient (15–35% (v/v), 10 mM MOPS (pH 7), and 4 

mM CaCl2) for separation of unbound calmodulin. The gradient was subjected to 

centrifugation at 285,000 × g for 16 h. Afterward, 1-ml fractions were collected by 

fractionation from the bottom of the gradient and analyzed by SDS-PAGE. 

 

Electron Microscopy 

Carbon-coated copper grids were subjected to glow discharge in air for 45 s. Samples of 

VoND and calmodulin-labeled VoND (VoND-CaM) at ∼1 mg/ml were diluted 1:100 in 20 

mM Tris-HCl (pH 7.4) and 150 mM NaCl supplemented with 0.5 mM EDTA or 4 

mMCaCl2, respectively, and applied to glow-discharged grids for 1 min, washed with 

water, and stained with 2% (w/v) uranyl formate (Electron Microscopy Science). Grids 

were observed in a JEOL JEM-2100 transmission electron microscope operating at 200 

kV. Images were acquired on a charge-coupled device (F415MP, Tietz Video and Image 

Processing Systems GmbH) at a nominal magnification of ×60,000 and an underfocus of 

between ∼1–2 μm. The calibrated pixel size on the specimen level was 1.75 Å. 

 

Image Analysis and 3D Reconstruction 

Single particles were selected (192 × 192 pixels) using e2boxer from EMAN2 with a 

semiautomated monitored picking procedure. Particles were phase flip-corrected for their 

contrast transfer functions by micrograph within the EMAN2 package. Datasets of 

47,422 and 40,092 particles were collected for VoND and VoND-CaM, respectively. The 
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datasets were normalized, bandpass-filtered, binned by 2, and circularly masked. Datasets 

were analyzed using reference-free alignment as implemented in EMAN2. 

Twenty-seven class averages from the CaM-VoND dataset were selected for use 

as initial references in a startup procedure for 3D reconstruction. Initial models were 

generated using the standard EMAN2 procedure and subjected to seven rounds of 

refinement. The resulting model was low pass-filtered to 40 Å and used to start up 

automated 3D refinement in Relion 1.3 (52). Half-datasets were refined independently for 

six iterations, and the unfiltered final maps served as inputs to the “relion_postprocess” 

protocol for automatic masking and a resolution estimate from calculation of the 

corrected gold standard Fourier shell correlation (FSC). The resolution was estimated at 

14.9 Å using the 0.143 gold standard FSC cutoff (20.3 Å at 0.5 FSC). The final model 

was filtered to 40 Å and used as a reference for starting up the 3D reconstruction of the 

VoND dataset using the Relion 1.3 autorefinement procedure as described above for the 

VoND-CaM dataset. The resolution of the VoND reconstruction was estimated at 14.9 Å 

using the 0.143 FSC cutoff (16.3 Å at 0.5 FSC). 

 

Fitting of Atomic Models of Subunits 

We used the atomic structure of the K10 ring from E. hirae (PDB code 2BL2) to fit into 

the corresponding density for the yeast Vo c-ring. Homology models were calculated 

using Phyre2 (53) for aNT and subunit d against template bacterial subunit structures 

of Meiothermus ruber INT (PDB code 3RRK) and Thermus thermophilus C subunit (PDB 

code 1V9M). Semiautomated and manual docking of the structures was performed in 

Chimera (54). 
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Site-directed Mutagenesis of aNT(1–372) and Subunit d 

The aNT(1–372) and subunit d constructs used in this study have been described previously 

(38). Site-directed mutagenesis was done using the QuikChange protocol (Stratagene). 

Double (R250A,K251A) and quadruple (K247A,R250,K251A,E254A) alanine mutants 

of aNT(1–372) were generated using the following primers: vph1–372-r250a-k251a-F, CTC 

ACG GTG ATC TGA TTA TTA AAA GAA TCG CAG CGA TTG CGG AAT CAT 

TGG ATG; vph1–372-r250a-k251a-R, GTA AAG ATT GGC ATC CAA TGA TTC 

CGC AAT CGC TGC GAT TCT TTT AAT AAT C. The quadruple mutant was 

generated in two steps using the double mutant as template with the following primers: 

vph1–372-e254a-F, CTG ATT ATT AAA AGA ATC GCA GCG ATT GCG GCA TCA 

TTG GAT GCC AAT C; vph1–372-e254a-R, GAT TGG CAT CGT AAA GAT TGG 

CAT CCA ATG ATG CCG CAA TCG CTG CGA TT; vph1–372-k247a-F, GTA TTT 

TCT CAC GGT GAT CTG ATT ATT GCA AGA ATC GCA GCG ATT GCG GCA TC; 

vph1–372-k247a-R, CAT CCA ATG ATG CCG CAA TCG CTG CGA TTC TTG CAA 

TAA TCA GAT CAC CGT GAG. 

The triple alanine mutant construct of subunit d (D144A,E146A,E150A) was 

generated in two separate mutagenesis steps (D144A and E146A followed by E150A) 

using the following primers: m6-d144a-e146a-F, GTT GAG TGT TGC TAC TGC TCT 

TGC ATC CCT ATA CGA AAC CG; m6-d144a-e146a-R, CGG TTT CGT ATA GGG 

ATG CAA GAG CAG TAG CAA CAC TCA AC; m6-d144a-e146a-e150a-F, GCT CTT 

GCA TCC CTA TAC GCA ACC GTA TTG GTG GAT ACC; m6-d144a-e146a-e150a-

R, GGT ATC CAC CAA TAC GGT TGC GTA TAG GGA TGC AAG AGC. The 

quadruple alanine mutant construct of subunit d (D37A, E40A, D41A, K43A) was 
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generated in three sequential mutagenesis steps using the following primers: m6-a110c-F, 

ATA CAT CAA CTT AAC ACA ATG TGC CAC GTT GGA AGA TCT AAA ATT 

AC; m6–110-R, GTA ATT TTA GAT CTT CCA ACG TGG CAC ATT GTG TTA AGT 

TGA TGT AT; m6-a110c-a119c-a122c-F, CTT AAC ACA ATG TGC CAC GTT GGC 

AGC TCT AAA ATT ACA ATT ATC ATC AAC; m6-a110c-a119c-a122c-R, GTT GAT 

GAT AAT TGT AAT TTT AGA GCT GCC AAC GTG GCA CAT TGT GTT AAG; 

m6-a110c-a119c-a122c-a127g-a128c-F, CAA TGT GCC ACG TTG GCA GCT CTA 

GCA TTA CAA TTA TCA TCA ACT GAT TAT; m6-a110c-a119c-a122c-a127g-a128c-

R, ATA ATC AGT TGA TGA TAA TTG TAA TGC TAG AGC TGC CAA CGT GGC 

ACA TTG. A second triple alanine mutant of subunit d (E198A,E199A,E202A; ITC 

control mutant) was generated in two steps using the following primers: 

M6_a593c_a596c_F, AAG ACT TTT ACA ATT TTG TCA CTG CAG CAA TTC CGG 

AAC CTG CTA AAG AAT G; M6_a593c_a596c_R, CAT TCT TTA GCA GGT TCC 

GGA ATT GCT GCA GTG ACA AAA TTG TAA AAG TCT T; M6_a605c_F, CAC 

TGC AGC AAT TCC GGC ACC TGC TAA AGA ATG TA; M6_a605c_R, TAC ATT 

CTT TAG CAG GTG CCG GAA TTG CTG CAG TG. The sequences of the aNT(1–372) and 

subunit d constructs were confirmed by DNA sequencing (Eurofins) using MalE and 

M13 primers (New England Biolabs). 

 

Circular Dichroism Spectroscopy 

Far UV CD spectra of aNT(1–372) and subunit d constructs were collected on an Aviv 420 

spectrometer in 25 mM sodium phosphate (pH 7.4) in a 1-mm path length cuvette at 10 
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°C. For the subunit d scans, 0.1 mM tris(2-carboxyethyl)phosphine (TCEP) was included 

in the buffer. Scans of buffer only were subtracted from the spectra. 

 

Isothermal Titration Calorimetry 

The interactions between subunit d and aNT(1–372) constructs were determined using a VP-

ITC (MicroCal). Proteins were prepared in 20 mM Tris (pH 7), 0.5 mM EDTA, and 1 

mM TCEP at 10 °C. Ligand (subunit d, 370–400 μM) was titrated into solutions of aNT(1–

372) constructs (25 μM). The titrations were corrected for ligand heat of dilution by 

subtraction of blank experiments of ligand into buffer. Analysis of data was performed 

using MicroCal VP-ITC Origin software. After completion of the titrations, the cell 

contents were subjected to size exclusion chromatography over a Superdex 200 H/R 

16/500 column. At least two titrations were performed for each wild type and mutant 

construct combinations. 

 

Other Methods 

Protein concentrations were determined using the BCA assay (Pierce) after TCA 

precipitation of proteins as described previously (38). Site-directed mutagenesis was 

verified by DNA sequencing (Eurofins). 
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FIGURE I.1 Schematic of V-ATPase architecture and the mechanism of regulation 
by reversible disassembly. V1 is represented by subunits shaded in gray. Subunits of 
Vo are shown in blue (a), purple (c-ring composed of c8c'c″), and green (d). ATP 
hydrolysis in V1 drives rotation of the c-ring, resulting in proton translocation across the 
interface of the c-ring and aCT. Upon reversible disassembly, subunit C is released into 
the cytoplasm, and the interactions between subunits of V1 (DF and EG1–3) and 
Vo (aNT, d) are broken. Disassembly of the enzyme results in a V1that does not hydrolyze 
MgATP and a Vo that does not support passive proton translocation. Note that, upon 
release of V1 from the membrane, aNT changes conformation to bind the central rotor 
subunit d (red asterisk) as reported previously (38). 
  



 38 

 
 

FIGURE I.2: Purification of Vo and reconstitution into lipid nanodiscs. a, SDS-
PAGE of yeast Vo affinity-purified from solubilized yeast microsomal membranes via a 
calmodulin binding peptide fused to the C terminus of subunit a. b, SDS-PAGE of the 
membrane scaffold protein MSP1E3D1, purified by affinity chromatography via an N-
terminal His6 tag. c, SDS-PAGE of flow-through and elution fractions from the 
calmodulin column after nanodisc reconstitution to remove unfilled discs. Reconstitution 
of the Vo into lipid nanodiscs is accomplished by mixing Vo, MSP, and lipid. Upon 
removal of detergent, Vo self-assembles into a nanodisc bilayer patch. d, size exclusion 
chromatography of VoND after removal of unfilled discs. e, SDS-PAGE of the final 
preparation after gel filtration. f, glycerol gradient of VoND-CaM. VoND was mixed with 
a 5-fold excess of calmodulin, and the mixture was applied to a discontinuous 15–35% 
glycerol gradient and centrifuged at 200,000 × g for 16 h at 4 °C. Fractions were 
collected from the bottom of the gradient and analyzed by SDS-PAGE. Peak fractions 
(4, 5) were pooled and used for negative stain electron microscopy. g and h, to verify 
binding of calmodulin to VoND, calmodulin (A47C) was labeled with fluorescein 
maleimide and the mixture of VoND, and labeled calmodulin was subjected to glycerol 
density centrifugation as in f. h, the fluorescence scan of the gel shown in g indicates co-
migration of labeled calmodulin with VoND. The gels in a–c, f, and g were stained with 
Coomassie blue; the gel in e was stained with silver. 
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FIGURE I.3. Negative stain transmission electron microscopy of VoND-CaM. a, the 
representative micrograph reveals a monodisperse sample of ∼12-nm particles. b, class 
averages obtained by reference-free alignment of a dataset of ∼40,000 VoND-CaM 
projections (center row) with corresponding raw particle images (top row) and 
reprojections of the final VoND-CaM reconstruction (bottom row). c and d, final 3D 
reconstructions of VoND-CaM (c) and VoND (d) with corresponding gold standard FSC 
graphs shown below the models. The red circle on the VoND-CaM reconstruction 
indicates the density for calmodulin bound to the C terminus of subunit a. Insets in the 
FSC graphs illustrate the angular distributions of the particle orientations of the two 
datasets. Scale bars = 20 nm (a) and 10 nm (b). 
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FIGURE I.4. 3D reconstruction of VoND-CaM. a–c, side (a), top (b), and bottom (b) 
views of the 3D model of VoND-CaM. The membrane sector is ∼17 × 14 nm (a and c) 
with density on the cytosolic side above the membrane (aNT and subunit d) and a cleft on 
the lumenal side (arrowhead in a). d–f, fit of homology models of Vo subunits into the 
EM density: aNT (threaded into the crystal structure of M. ruber INT, PDB code 3RRK) 
in cyan, subunit d (threaded into the crystal structure of T. thermophilus C, PDB 
code 1V9M) in green, and E. hirae K10 (PDB code 2BL2) in magenta. g, cross-section as 
indicated in d, showing that the density representing the N-terminal α helix of 
subunit d contacts only one side of the c-ring as seen in state 3 of holo V1Vo (22). h, top 
view of VoND-CaM fitted with atomic models to indicate the sites of contact 
between aNT and subunit d. Note that, because of its pseudo-3-fold symmetry, the 
homology model of subunit d could be placed into the EM density in three orientations 
corresponding to the orientations as described for states 1–3 (22), with orientations 2 and 
3 resulting in much better model-map correlations compared with orientation 1. The 
model (Phyre model of yeast “d”) to map (VoND-CaM; EMD-6336) correlations for the 
three orientations were 0.081 for state 3, 0.085 for state 2, and 0.076 for state 1, with 404, 
296, and 323 amino acids outside of the model at a contour level of 0.022 for states 1–3, 
respectively. 
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FIGURE I.5. Purification and circular dichroism spectroscopy of recombinant wild-
type and mutant aNT(1–372) and subunit d. a, Coomassie-stained SDS-PAGE and CD 
spectroscopy of the wild type and mutant aNT(1–372) constructs expressed and purified as 
described under “Experimental Procedures.” b, SDS-PAGE and CD spectra of the wild 
type and mutant subunit d. The two minima at ∼208 and 222 nm in the CD spectra of 
both the wild type and mutant aNT(1–372) and subunit d constructs indicate α-helical 
secondary structure. CD wavelength scans were collected from 250–195 nm in 25 
mM sodium phosphate (pH 7) at 10 °C (0.1 mM TCEP was included in the buffer for the 
subunit d scans). SDS-PAGE gels were loaded with ∼3 μg of the wild type or mutant 
subunits. 
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FIGURE I.6.Isothermal titration calorimetry of the interaction between 
subunit d and wild-type and mutant aNT(1–372). a, top panel, detailed view of the aNT/d 
contact as shown in Fig. 4h, bottom right, indicating that the distal lobe of aNT appears to 
be participating in an interaction with subunit d via a short charged α helix in aNT to a 
largely acidic face of subunit d. a, bottom panel, the four residues of the short α helix 
facing subunit d are Lys-247, Arg-250, Lys-251, and Glu-254, which belong to a patch of 
charged residues mostly conserved through higher eukaryotes, as shown by the sequence 
alignment of helix 9 of subunit a. b–d, isothermal titration calorimetry of subunit d 
and aNT(1–372) constructs (representative titrations of two repeats). Titration of subunit d 
into wild-type aNT(1–372) (b), aNT(1–372) (R250A,K251A) (c), and aNT(1–372) 

(K247A,R250A,K251A,E254A) (d). e–i, subunit d and aNT(1–372) alone as well as the cell 
contents of the completed titrations were subjected to size exclusion chromatography on 
Superdex 200 (16 × 500 mm) with the corresponding SDS-PAGE gels shown in j–n. For 
details, see text. 
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FIGURE I.7. Isothermal titration calorimetry of the interaction between wild-type 
aNT(1–372) and mutant subunit d. a and e, close-up of the contact between dand 
the aNT distal (a) and proximal (e) lobe. b–d, ITC (b), gel filtration (c), and SDS-PAGE 
(d) of the d triple mutant (D144A,E146A,E150A) with aNT(1–372). f–h, ITC (f), gel filtration 
(g), and SDS-PAGE (h) of the d quadruple mutant (D37A,E40A,D41A,K43A) with aNT(1–

372). i–l, as a negative control, a subunit dmutant with acidic residues (Glu-198, Glu-199, 
and Glu-202) outside of the predicted interface with aNT changed to alanines was titrated 
with wild-type aNT(1–372). Fitting the data revealed a Ka of ∼4 ×105 ± 8 × 104 M (Kd ∼ 2.5 
μM; N ∼ 1.2; ΔH = −12.4 ± 0.49 kJ/mol; ΔS ∼ 63 J·(mol·K)−1). Shown are representative 
ITC titrations of at least two repeats for each mutant. Note that the gel filtration column 
was repacked after the experiments in Fig. 6, resulting in a slightly different elution 
volume for the recombinant subunits for the two sets of titrations shown in Figs. 6 and 7. 
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SUMMARY 

The molecular mechanism of transmembrane proton translocation in rotary motor 

ATPases is not fully understood. Here we report the 3.5 Å resolution cryoEM structure of 

the lipid nanodisc-reconstituted Vo proton channel of the yeast vacuolar H+-ATPase, 

captured in a physiologically relevant, autoinhibited state. The resulting atomic model 

provides structural detail for the amino acids that constitute the proton pathway at the 

interface of the proteolipid ring and subunit a. Based on the structure and previous 

mutagenesis studies, we propose the chemical basis of transmembrane proton transport. 

Moreover, we discovered that the C-terminus of the assembly factor Voa1 is an integral 

component of mature Vo. Voa1’s C-terminal transmembrane α helix is bound inside the 
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proteolipid ring, where it contributes to the stability of the complex. Our structure 

rationalizes possible mechanisms by which mutations in human Vo can result in disease 

phenotypes, and may thus provide new avenues for therapeutic interventions. 

 

Keywords: Vacuolar H+-ATPase, Vo proton channel, cryoEM, lipid nanodisc, V-ATPase 

assembly, Voa1, membrane protein structure, proton pumping, reversible disassembly 
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GRAPHICAL ABSTRACT 

 

 
 

Here we report the 3.5 Å resolution cryoEM structure of lipid nanodisc-reconstituted 

yeast vacuolar H+-ATPase Vo proton channel. The resulting atomic model provides 

insight into the chemical basis of transmembrane proton transport. Moreover, we 

discovered that the C-terminus of the assembly factor Voa1 is an integral component of 

mature Vo. 
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INTRODUCTION 

Vacuolar H+-ATPases (V-ATPases, V1Vo-ATPases) are membrane bound multi-subunit 

enzyme complexes that acidify subcellular compartments in every eukaryotic cell and the 

extracellular space in some animal tissues (Forgac, 2007). V-ATPase’s proton pumping 

activity is essential for pH and ion homeostasis (Kane, 2006), protein trafficking, 

endocytosis, mTOR (Zoncu et al., 2011) and Notch (Yan et al., 2009) signaling, hormone 

secretion (Sun-Wada et al., 2006), and neurotransmitter release (Vavassori and Mayer, 

2014). While complete loss of V-ATPase is embryonic lethal (Inoue et al., 1999), 

aberrant (hypo- or hyper-) activity is associated with human diseases such as renal 

tubular acidosis (Smith et al., 2000), sensorineural deafness (Karet et al., 1999), 

osteoporosis (Thudium et al., 2012), diabetes (Sun-Wada et al., 2006), microbial 

infection (Wong et al., 2011), infertility (Brown et al., 1997), cancer (Sennoune et al., 

2004), and AIDS (Geyer et al., 2002) making the enzyme a potential drug target (Kartner 

and Manolson, 2014). 

 Yeast V-ATPase, a well characterized model system for the mammalian enzyme, 

is composed of ~30 polypeptides that are organized in two sectors: a cytoplasmic V1-

ATPase (subunits A3B3(C)DE3FG3H) and a membrane embedded Vo proton channel 

(ac8c′c″def (Oot et al., 2017); subunit c′ is not found in higher organisms) (Figure S1A). 

V-ATPase is a rotary motor enzyme, employing a catalytic mechanism shared with the F-

, A- and A/V-type ATPases (Muench et al., 2011). In V-ATPase, ATP hydrolysis on 

V1drives rotation of the rotor subcomplex made up of subunits DFd and the “proteolipid” 

subunits c, c′ and c″, which are arranged in a ten-membered ring (c8c′c″; otherwise known 

as the proteolipid- or c-ring). Each proteolipid subunit carries one lipid exposed glutamic 
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acid residue that is essential for proton pumping (Hirata et al., 1997). Proton translocation 

occurs through two aqueous half-channels at the interface of the c-ring and the 

membrane-integral C-terminal domain of subunit a (aCT). During c-ring rotation, the 

essential glutamates are protonated from the cytosolic half-channel and, after rotating 

~360°, the protons are released into the luminal half-channel. A strictly conserved 

arginine residue in aCT located mid-membrane across from the c-ring glutamates is 

essential for transmembrane proton transport (Kawasaki-Nishi et al., 2001). 

 V-ATPase is regulated in vivo by a unique mechanism referred to as “reversible 

disassembly” wherein V1-ATPase is released into the cytoplasm, leaving behind free 

Vo in the membrane (Kane, 1995; Sumner et al., 1995) (Figure S1A). Upon enzyme 

dissociation, both sectors become “autoinhibited”, that is V1 no longer hydrolyzes 

MgATP (Gräf et al., 1996; Oot et al., 2016; Parra, 2000) and unlike the free membrane 

sector of F-ATPases (Fo) (Schneider and Altendorf, 1985), Vo does not permit passive 

proton translocation (Zhang et al., 1992). While reversible disassembly has been well 

characterized on a cellular level in yeast (Parra and Kane, 1998), insect (Voss et al., 

2007), and to some extent in higher animals (Bodzeta et al., 2017; Stransky and Forgac, 

2015; Trombetta et al., 2003; Zoncu et al., 2011), little is known about the molecular 

mechanism of proton translocation, largely due to the lack of high-resolution structural 

information for the enzyme’s Vo proton channel. This lack of structural information has 

also limited our understanding of the disease-causing mechanisms of human V-ATPase 

mutations, many of which are found in subunit a. 

 Recently, a 3.9 Å resolution cryoEM structure of amphipol solubilized yeast 

Vo (Mazhab-Jafari et al., 2016) showed the proton carrying glutamate of c″ (E108) in 
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contact with one of the essential arginines (R735) in aCT. However, as the complex was 

vitrified in the presence of the V-ATPase inhibitor Bafilomycin A1, it was uncertain 

whether the unique position of the c-ring relative to aCT was caused by inhibitor binding, 

or represented the native, autoinhibited conformation of the complex. Furthermore, 

resolution in that reconstruction was anisotropic, thus making it difficult to ascertain the 

reliability of the model in some regions such as the subunit interfaces implicated for 

proton translocation. 

 Here we report a cryoEM reconstruction of S. cerevisiae Vo reconstituted into 

lipid nanodiscs (VoND) determined at a resolution of 3.5 Å. Backbone and side chain 

densities were sufficiently resolved so that all subunits in the complex could be built as 

an all-atom model with high confidence. Furthermore, the map of VoND contained an α 

helical density within the cavity of the c-ring, which we were able to assign as the C-

terminal transmembrane α helix (TMH) of the Vo assembly factor Voa1. Based on the 

structural data, we can deduce the mechanism of proton translocation at the aCT-c-ring 

interface in holo V-ATPase, discuss aspects of autoinhibition of free Vo, and identify the 

spatial locations of the amino acid residues implicated in various human diseases. 
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RESULTS AND DISCUSSION 

CryoEM Reconstruction of Yeast Vo in Lipid Nanodiscs 

Following starvation-induced dissociation of yeast V-ATPase (Figure S1A), the 

autoinhibited Vo was purified and reconstituted into lipid nanodiscs (VoND) using 

membrane scaffold protein MSP1E3D1 (Stam and Wilkens, 2017)(Figure S1B). CryoEM 

images of vitrified VoND revealed monodisperse and homogeneous particles with 

random orientations (Figure 1A, S1C). 2D class averages showed intact Vocomplexes 

with clearly visible TMHs within a disc-like density contributed by the lipid bilayer, and 

a cytoplasmic domain extending above the membrane (Figure 1B). The ~150×120 

Å2 nanodiscs are of sufficient size to accommodate the ~120×100 Å2 Vo, such that 

isotropic lipid density surrounds the transmembrane regions of the complex. CryoEM 

reconstruction was carried out to an overall resolution of 3.5 Å (Figure 1C, S1D, Table 

1). The final map shows clear density for all known protein components of the Vo, 

including subunits a, d, e, f and the c-ring (Figure 1C-E; Movie S1). Furthermore, the 

map contained an α helical density inside the proteolipid ring, which we identified as the 

C-terminus of the assembly factor Voa1 based on biochemical analysis (see below). A 

comparison of our map of VoND to the recently reported 3.9 Å map of amphipol 

solubilized Vo (Mazhab-Jafari et al., 2016)(EMD-8409) revealed that, while both maps 

had overall similar features, our map VoND displayed higher, and more isotropic 

resolution, with prominent side chain densities for most of the complex (Movie S2). 

Notably, improvements were not limited to transmembrane regions, but also extended to 

the cytoplasmic domain of the complex (Figure S1E, F), including subunit d and the N-

terminal half of subunit a (aNT), which were only partially resolved previously. In line 
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with this observation, unlike the dataset of Vo in amphipol (Mazhab-Jafari et al., 2016), 

our dataset of VoND was homogeneous, without detectable subcomplexes based on the 

3D classification analysis. Thus, the data suggest that lipid nanodisc reconstitution 

improves the overall stability of Vo, allowing for a 3D reconstruction in which the density 

of each subunit component is well resolved for model building. 

 

Atomic Model of Yeast Vo 

The 3.5 Å resolution map of VoND was used to build an all-atom model for over 95% of 

the expected residues (Figure 2A), including the N-terminal domain of subunit a (aNT), 

subunits e, f, and large portions of subunit d (Figure 2, S2A, Movie S2). The final model 

of the entire complex displayed proper geometry (Molprobity score = 1.32; Table 1), and 

matched well with the experimental map (4 Å at 0.5 correlation; Figure S1D). Of note, 

our map contains several small, unmodeled densities observed in both half maps (Figure 

S2B), possibly representing stably bound lipids, or yet to be identified (non)-protein 

components of the Vo. 

The c-ring. Yeast V-ATPase c-ring contains three proteolipid variants c, c′, 

and c″ in the ratio of 8:1:1 (Figure 2A-C; from hereon, individual copies of the 

subunit c variant will be designated as c(1)-(8)). The c″ and c′ variants were identified 

unambiguously in our map by their longer luminal loops compared to c, and the extra 

TMH at the N-terminus of c″ (c″NT; residues 17-39). c″NT is in the center of the ring, with 

its N-terminus pointing towards the cytoplasm (Figure 2B, S2C). The proton binding sites 

on the c-ring are homologous to those found in the F-ATPase from S. 

platensis (Pogoryelov et al., 2009). However, the essential glutamates in our model 
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appear to be in a more open conformation in all ten proteolipids, with each glutamate 

(except E137 in c(1)) in H-bond distance to a tyrosine residue contributed by the same or a 

neighboring subunit (Figure S2C, D). Importantly, unlike holo yeast V-ATPase, where 

the c-ring was seen in three rotational states relative to subunit a (Zhao et al., 2015), 

the c-ring in our map of inhibitor-free VoND was found to be in a single orientation. This 

indicates that upon V-ATPase dissociation, the c-ring assumes a unique “resting position” 

relative to aCT (Figure 2C), and that this resting conformation is an inherent feature of 

free, autoinhibited Vo not caused by inhibitor binding. 

 Specific interactions between subunit d and the c-ring. The role of subunit d is 

to link the c-ring rotor to the V1 motor. Our structure provides a detailed picture of the 

specific molecular contacts between d and the c-ring, which are largely mediated by 

subunit d’s N-terminus and the cytosolic loops of c″. The interaction buries a surface area 

of ~670 Å2 (calculated by PISA (Krissinel and Henrick, 2007)) that includes a salt bridge 

between dD50 and c″R92, hydrophobic contacts, and multiple residue pairs that are at 

distances suggesting H-bond formation (Figure 2D). Additional contacts of d are with the 

cytosolic loops of the adjacent c(1) and c′ subunits, with buried surface areas of ~400 and 

250 Å2, respectively. This observation is consistent with previous mutagenesis 

experiments that showed defective enzyme assembly upon removal of d’s N-terminal 

residues (Owegi et al., 2006). 

 Subunit a and its interaction with subunit d. Subunit a is organized in N-

terminal cytoplasmic (aNT) and C-terminal membrane integral (aCT) domains of ~400 

residues each (Figure 2A). While subunit a plays a key role in proton transport across 

Vo (Toei et al., 2011), its atomic structure has not yet been resolved in detail. Here, we 
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built an all-atom model for subunit a, except two unstructured loops (residues 153-183 

and 657-705), for which there was no interpretable density in our map. Our model shows 

that aNT is folded as a hairpin containing two globular segments (proximal and distal 

subdomains) connected by a long coiled-coil (Figure 2E). The model also reveals 

unprecedented molecular details of the aNT-d interface, an interaction that is only seen in 

free Vo. The structure shows both proximal and distal subdomains of aNT in contact with 

subunit d (Figure 2E), with a total buried surface area of ~940 Å2. The interaction 

of aNT and d seen in free Vo is consistent with our recent study that defined the binding 

sites of the two polypeptides using site directed mutagenesis and isothermal titration 

calorimetry of recombinant proteins (Figure 2E) (Stam and Wilkens, 2017). These 

structural characteristics unique to free Vo may contribute to the stability of the complex 

in the autoinhibited state, and protect against loss of subunit d upon enzyme dissociation 

(Ediger et al., 2009). However, previous mutagenesis and functional assays have 

suggested that the interaction between a (part of the stator) and d (part of the rotor) is not 

solely responsible for forming the autoinhibition state of the eukaryotic Vo (Couoh-

Cardel et al., 2015; Qi and Forgac, 2008). Of note, aCTand its interaction with the c-ring 

will be described in a separate section below. 

 

The Assembly Factor Voa1 is a Component of Yeast Vo 

Our map revealed two α-helical densities inside the central pore of the c-ring, one in the 

center, and one on the side, in contact with c″ and c(1) (Figure 1C). Equivalent helical 

densities were also observed in the map of amphipol solubilized Vo (Mazhab-Jafari et al., 

2016) and in that study, both helical densities were modeled as part of subunit c″, with 
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the N-terminus of c″ oriented towards the vacuolar lumen. However, this interpretation 

contradicts earlier biochemical studies that placed the N-terminus of c″ toward the 

cytoplasm (Flannery et al., 2004; Wang et al., 2007). By matching the amino acid 

sequence to the side chain densities, we confirmed that the central α helix belonged to c″, 

with its N-terminus pointing toward the cytoplasm, consistent with the previous 

biochemical studies (Figure 1C, S2B). When examining the other α-helical density that is 

in contact with c″ and c(1), we found that it extends from the lumen to the cytoplasm, 

where it contacts subunit d (Figure 3A, red density), suggesting that this α-helical density 

may belong to a separate and unknown polypeptide. To determine the identity of this 

structural component, we performed mass spectrometry of our VoND preparation. The 

analysis revealed multiple peptides that matched the open reading frame of Voa1 

(YGR106C) (Figure S3A), a 265 residue polypeptide that functions in the assembly of 

Vo in the ER membrane (Figure S3B)(Ryan et al., 2008). While not required for assembly 

of a functional Vo, deletion of Voa1 causes synthetic lethality when combined with a 

mutation of the ER retention motif of another assembly factor (Vma21)(Ryan et al., 

2008). 

 To assess whether the second α helical density inside the c-ring represented the 

C-terminal TMH of Voa1, we purified Vo from a yeast strain in which the gene for Voa1 

was deleted, reconstituted the resulting Vo(voa1Δ) into lipid nanodiscs (VoND(voa1Δ)) 

(Figure 3B), and determined its cryoEM structure at 4.6 Å resolution (Figure 3C). While 

the map of VoND(voa1Δ) has a similar appearance compared to the map of wild type 

VoND (Figure 3A), inspection of the interior of the c-ring revealed that the α helical 

density next to c(1) (red density in Figure 3A) was missing in the map of VoND(voa1Δ) 
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(Figure 3C), providing strong evidence that the density belongs to Voa1. Our assignment 

is further supported by the presence of side chain density, which allowed de 

novo building of Voa1’s C-terminal TMH (residues 222-244) (Figure 3D, S3C). It should 

be noted that there was no clear density that could account for the remainder of the 

protein (residues S26-D211). This suggests that the luminal domain of Voa1 is either 

flexible, or proteolytically removed upon trafficking of the complex to the vacuole, with 

the latter possibility supported by mass spectrometry analysis of both free Vo and holo 

V1Vo-ATPase (Figure S3D). 

 To examine the structural contribution of Voa1 to the mature Vo complex, we 

compared atomic displacement parameters (ADP)(Trueblood, 1996) of wild type and 

mutant complex (Figure 3E). While all c-ring components in wild type have similar 

ADP, c-subunits proximal to Voa1 displayed a significant increase of the relative ADP in 

the mutant complex (Figure 3F). This increase in ADP suggests a decreased stability of 

the complex upon loss of Voa1, which is also evident from increased degradation of 

subunit ain the VoND(voa1Δ) preparation (Figure 3B, see arrow). Moreover, Voa1 is 

located between c(1) and c″, where it forms a unique binding pocket for subunit d (Figure 

3A), and in line with this observation, we noticed during the 3D classification of the 

VoND(voa1Δ) dataset that ~30% of mutant complexes lacked subunit d (Figure 

3G). Thus, absence of Voa1 likely reduces the affinity between d and the c-ring such 

that d is either inefficiently recruited during assembly, or lost after assembly and/or 

during purification of the mutant complex. It has been shown that upon mutation of 

Voa1’s C-terminal ER retention motif, Voa1 is found on the vacuole (Ryan et al., 2008)). 

In our structure, subunit d is seen to bind to the C-terminus of Voa1 (Figure 2D). It is 
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possible that this interaction masks Voa1’s ER retention motif, thereby serving as a 

quality control measure to ensure that only correctly assembled mature Vo complex can 

traffic to the vacuole, similar to what has been proposed for the trafficking of 

immunoglobulin E receptors in T cells (Letourneur et al., 1995). Our hypothesis that the 

interaction between Voa1 and subunit d plays a role in quality control during V-ATPase 

assembly is also supported by the observation that in a subunit d deletion strain, no 

Vo(Δd) subcomplex is found on the vacuolar membrane (Bauerle et al., 1993). To 

summarize, we have shown that the C-terminal TMH of Voa1 is an integral part of the 

mature yeast Vo complex, and that the assembly factor contributes to the stability of the 

V-ATPase membrane sector. 

 

The Proton Path 

According to current models of proton transport by rotary ATPases, two laterally offset 

aqueous half-channels (or “cavities”) in subunit a near the interface to the c-ring provide 

access for protons from the cytoplasm and lumen (or outside of the cell) to the sites of 

protonation and deprotonation of the c-ring’s essential glutamates (or aspartates) (Vik 

and Antonio, 1994). However, how and where protons are transferred during c-ring 

rotation, is still not fully understood. Our structure of VoND provides an atomic picture of 

how essential residues in subunit a and the c-ring interact to constitute the proton 

translocation pathway. 

Aqueous access to cytoplasmic and luminal cavities in subunit a. aCT contains 

eight TMHs (TMH1-8; hereafter referred to as aCT1-8), with additional short α helical 

segments at the cytoplasmic and luminal sides (Figure 4A; TM helix numbering as in 
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ref.(Toei et al., 2011)). Our map and model revealed two prominent aqueous cavities, one 

with access from the cytoplasmic, and another with access from the luminal side of the 

complex. The cytoplasmic cavity is formed by the cytoplasmic ends of aCT4, 5, 7, and 8, 

and lined by charged and polar residues including E721, N725 and H729 (Figure 4A). 

Aqueous access from the lumen is via the loops connecting aCT3, 4, 7, and 8, as well as 

the luminal loop of subunit f, with several polar residues inside the cavity including 

D425, D481 and H743 (Figure 4A). In contrast to the cytoplasmic cavity, aqueous access 

from the luminal cavity to the c-ring appears to be blocked by aCT7 and 8, reminiscent of 

what has been proposed for F-ATPase (Allegretti et al., 2015). Importantly, mutations of 

negatively charged residues in the cytosolic and luminal cavities have resulted in 

functional defects (Toei et al., 2011), suggesting that the negative charge distribution in 

the cavities is critical for proper proton transport. 

Molecular contacts at the interface between aCT and the c-ring. In our structure 

of autoinhibited Vo, the aCT-c-ring interface is composed of aCT7 and 8, and the outer 

TMHs of c(1) and c″, with a total buried surface area of ~2100 Å2 (Figure 4B, left panel). 

It is noteworthy that the aCT-c-ring interface is the best resolved region in our map, 

suggesting that the interface is in a low energy state stabilized by multiple side chain 

interactions (Figure S1F, S2A). The side chain densities in the aCT-c-ring interface 

(Figure S4B, Movie S4) provide a picture of the residues involved in proton transport at a 

level of detail not seen in previous studies (Figure 4B, right panel). The nearly 

horizontal aCT7 and 8, a structural hallmark of rotary ATPase membrane sectors, contain 

numerous strictly conserved and polar residues (Figure S4A), many of which are 

essential for efficient proton pumping (Figure 4B, right panel, and Figure S4A) (Toei et 
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al., 2011). Our structure shows that many of these residues are in close proximity to the 

essential glutamates of the c-ring (Figure 4B). Most notably, the two essential arginines 

of aCT (R735, R799) are located at the center of the interface, and, together with the 

neighboring H729 and H796, represent a physical and electrostatic barrier in the middle 

of the membrane that separates the cytoplasmic and luminal cavities (Figure 4B, blue 

highlight in right panel). This barrier may function to prevent direct transfer of protons 

between the cytosolic and luminal cavities (Figure 4B, red highlights in right panel, 

and Figure S4C, D), and thus ensure that protons travel along with the c-ring clockwise 

through the lipid bilayer (see Figure 5A below). Notable interactions resolved at the aCT-

c-ring interface are between c(1)E137 and aCT’s S792 (Figure 4C(i)), and most 

prominently, a salt bridge between c″E108 and aCT’s essential R735 at the center of the 

interface (Figure 4C(ii)). Another interaction is between c″Y113, and aCTS728, which are 

seen at H-bond distance (Figure 4C(iii)). c″Y113 together with multiple other conserved 

tyrosines (Y66, Y142 in c(2)-(8), Y72 and Y150 in c′) constitute a circular, belt-like 

structure located at the same height on the outer TMHs of the c-ring (Figure S4E). The 

interaction of these tyrosines with polar residues in aCT7 and 8 likely function to maintain 

the proper proximity between c-ring and aCT during c-ring rotation. 

 

Mechanism of proton translocation in holo V-ATPase 

Eukaryotic V-ATPase is a dedicated proton pump, with the free energy of ATP 

hydrolysis generated on V1coupled to clockwise rotation of the c-ring past aCT (when 

viewed from the cytoplasm towards the membrane) (Figure 5A). Based on our structural 

observation (Figure 4) and the available mutagenesis data (Toei et al., 2011), we can 
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begin to rationalize the mechanism of proton translocation across holo V-ATPase’s 

Vo membrane sector during ATP hydrolysis driven proton pumping. To illustrate the 

mechanism, we modeled several intermediate positions of the c-ring relative to aCT to 

highlight the steps of de-protonation, salt bridge formation, and re-protonation (Figure 

5B(i)–(iv) and Movie S5). These three steps are described in more detail in the following 

paragraphs. 

 Deprotonation of the essential c-ring glutamic acid. During c-ring rotation, 

protonated c-ring glutamic acid residues (E-COOH; e.g. E137 on c(n)) emerge from the 

lipid bilayer and encounter the essential E789 on aCT8 (Figure 5B(i)). E789 is strictly 

conserved in eukaryotic V-ATPases, and appears well positioned for shuttling protons 

from the essential glutamates on the c-ring to the luminal cavity (Figure 4C(i). E137 and 

E789 have similar pKa values (~7.8; as predicted by PROPKA (Rostkowski et al., 

2011)), a prerequisite for efficient proton transfer. However, the two residues in our 

model appear to be too distant for a direct interaction, and we therefore propose that 

proton transfer from E137 to E789 occurs via H-bonding to the tyrosine residue that is 

part of the proton binding site (e.g. Y66 in Figure 5B(i)). In this model, E789 would then 

deliver the proton to the luminal aqueous cavity through a network of critical residues, 

including H743, D425, and D481 (Figure 4A). H743 is on the luminal border in our 

structure, consistent with previous solvent accessibility experiments (Toei et al., 2011). 

 Movement of the essential c-ring glutamates between luminal and cytoplasmic 

cavities. After deprotonation at E789, charged c-ring glutamates must traverse the space 

in the aCT-c-ring interface that separates the luminal from the cytoplasmic cavities. While 

it is ionized, the glutamate can interact sequentially with aCTresidues S792, H796 (Figure 
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5B(ii)), and finally R735 (Figure 5B(iii)). The c-ring glutamates’ consecutive interactions 

with S792 and H796 before engaging in a salt bridge with the positively charged barrier 

residue R735 ensure the deprotonation of the essential glutamates near the luminal cavity. 

The importance of the hydroxyl and imidazole groups of S792 and H796, respectively, is 

highlighted by previous mutagenesis experiments showing that replacement of these two 

residues with alanine or phenylalanine, respectively, results in significantly reduced 

enzyme activity (Toei et al., 2011). Moreover, it has been speculated that the negatively 

charged carboxylates are not only stabilized by opposing, polar residues of aCT (including 

S792 and H796 in yeast V-ATPase), but also by structural water molecules that may be 

part of the aCT-c-ring interface (Pogoryelov et al., 2010). 

 Re-protonation of the essential c-ring glutamates. ATP hydrolysis on V1 then 

provides the free energy to break the salt bridge between R735 and the c-ring glutamates 

so that the c-ring can continue the rotation (Figure 5B(iv)). Since aqueous access to the 

middle of the membrane is blocked by H729 and several bulky hydrophobic residues 

contributed by aCT and the c-ring, re-protonation of the essential c-ring glutamates then 

occurs upon contact with aCT’s S728 and E721 at the cytoplasmic cavity, with the 

essential E721 likely playing a key role (E-COO− → E-COOH; Figure 5B(iv)). After 

receiving a proton from the cytoplasmic access cavity, the now neutral c-ring glutamic 

acid is stabilized by H-bond formation with its neighboring tyrosine so that it can reenter 

the lipid bilayer to complete the transfer of one proton from the cytoplasm to the lumen. 

Our structure is consistent with previous accessibility experiments using chemical probes, 

which indicated that E721 is at the border to the cytoplasmic cavity (Toei et al., 2011). It 

is noteworthy that this glutamic acid at the cytoplasmic access cavity is highly conserved 



 62 

not only in V-ATPase but also more distantly related rotary motor ATPases, with the 

glutamate either 3 or 4 helical turns upstream of the essential arginine residue. For 

example, in E. coli F-ATPase, E196, which is 14 residues away from R210, the same 

distance as between E721 and R735 in yeast Vo, is the only residue in the cytoplasmic 

access channel of that enzyme identified to date to be essential for proton translocation 

(Vik et al., 1988). Though our structure does not have sufficient resolution to visualize 

water molecules, solvent accessibility prediction using PROPKA reveals that E721 is 

>95% exposed to solvent with a predicted pKa of ~6.5, suggesting that the residue is 

mostly ionized at the pH of the cytoplasm (~7), and therefore coordinated by water 

molecules most of the time. In summary, E721’s location at the bottom of the 

cytoplasmic aqueous cavity, its accessibility to solvent and essential nature as revealed by 

mutagenesis studies, and the residue’s level of conservation in related proton 

translocating rotary motor enzymes provide strong evidence that E721 plays a key role in 

the final steps of the re-protonation of the essential c-ring glutamates (Figure 

4B(iii), 5B(iv)). 

 More recently, a 3.6 Å cryoEM structure of dimeric yeast mitochondrial F-

ATPase was reported (Guo et al., 2017), in which the two proton carrying glutamates of 

the c subunits in the a-c-ring interface are also in an extended conformation. However, 

none of these two carboxyl groups is close enough to the essential arginine for salt bridge 

formation, suggesting that yeast Fo was captured in a functional state different from the 

autoinhibited Vo. As mentioned above, unlike free Vo, isolated Fo catalyzes passive 

proton transport, and the conformation visualized in the yeast Fo structure may therefore 

represent a snapshot of the ‘active’ state of the proton channel. 
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Interpretation of loss-of-function mutations in yeast and human 

Yeast subunit a. Site directed mutagenesis studies with yeast V-ATPase identified 

highly conserved residues within aCT that are critical for ATPase driven proton pumping 

and/or stability of the complex (Toei et al., 2011)(Figure 6A). Based on our atomic model 

of yeast Vo, we can now begin to understand the mechanism by which mutagenesis of 

these essential residues leads to functional defects. Not surprisingly, a majority of the 

identified residues that are essential for proton pumping activity are located along the 

proton path identified in our model. In particular, mutations of S732, H796, R799, R735, 

E789, and E721 that face the essential glutamates of the c-ring displayed significant 

activity defects, consistent with our proposed mechanism of proton pumping. 

Interestingly, three other mutants H801, K536, and S740 do not seem to reside along the 

proton path. Therefore, these residues may contribute to the overall structural stability of 

subunit a through intra subunit interaction (Figure 6A). For example, H801 in aCT8 and 

T414 in aCT1, and K536 in aCT4 and S740 in aCT7, respectively, are in H-bond distance, 

consistent with above hypothesis. Strikingly, mutations of three polar residues (K538, 

S534, and K593) that are not part of the proton path are in direct contact with the density 

of unknown identity, which is present in both independently refined half maps, 

suggesting that this unknown component of Vo may be important for V-ATPase function 

or stability. 

 Human subunit a. The basic structure of the yeast V-ATPase complex is 

preserved in the enzyme from higher organisms, including human. There are four 

subunit a isoforms in human (a1-4), with a1 found in neurons, a2 in endothelial cells, a3 in 

osteoclast ruffled membrane and pancreatic β cells, and a4 in the kidney (Toei et al., 
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2010). Sequence identity between yeast and human subunit a isoforms is between 30-

50% (up to 85% similarity), allowing reliable modeling of human subunit a isoforms 

using our model as template. Mutations in a3 and a4 have been associated with 

osteopetrosis and kidney disease, respectively (Smith et al., 2000; Sobacchi et al., 

2001; Stover et al., 2002; Susani et al., 2004) (Table S1). Nine out of the reported twelve 

disease causing mutations are located in aCT, with five mutations in the putative proton 

pathway (Figure 6B). The mutations R444L (a3) and R449H (a4) (R462 in yeast) likely 

disrupt salt bridge formation with a neighboring E424L (a3) and E429H (a4) (E443 in 

yeast), which would result in a destabilization of aCT. Interestingly, G220R, K237Δ, and 

A131Δ are located at the distal domain of aNT (Figure 6B), which undergoes a large 

conformational change upon V-ATPase dissociation or (re)association (Couoh-Cardel et 

al., 2015). K237 interacts with subunit d in free Vo through an electrostatic interaction, 

and A131 is part of the disordered loop (153-183) that is in contact with peripheral stator 

EG3 in the holo V-ATPase (Figure S5). This suggests that the conformational change 

of aNT plays a role in activity regulation during reversible enzyme disassembly. 

 

Voa1, the yeast homologue of mammalian Ac45 

Our structure reveals that the assembly factor Voa1 is a structural component of the 

mature Vo complex. Voa1 has recently been recognized as the yeast ortholog of 

mammalian Ac45 (ATP6AP1), a ~45 kDa glycosylated polypeptide that is found to be 

associated with the V-ATPase in some tissues (Jansen et al., 2016; Smith et al., 2016). 

However, the evolutionary relationship between Voa1 and Ac45 is limited to the 

proteins’ C-terminal TMH, and it has been shown that the C-terminal TMH of Ac45 can 
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complement the Voa1 deletion phenotype in yeast. Previous work has shown that Ac45 is 

present in both free Vo and holo V1Vo, and that the 45 kDa glycosylated protein is bound 

to V-ATPase’s Vo membrane sector on the luminal side of the complex via its C-terminal 

TMH (Wilkens and Forgac, 2001). Of note, the density in VoND here identified as 

belonging to Voa1’s C-terminus is also observed in holo V-ATPase (Mazhab-Jafari et al., 

2016), indicating that the assembly factor does not prevent functional binding of V1 to 

Vo in vivo. Besides providing evidence for the homology of Ac45’s and Voa1’s C-

termini, Jansen et al. also reported that certain mutations in Ac45 are associated with an 

immunodeficiency phenotype, including a mutation M428I (M225 in Voa1), that is 

predicted to be part of the C-terminal TMH (Jansen et al., 2016). Our results show that 

Voa1 is an integral part of Vo, and that the assembly factor contributes to the stability of 

the mature complex as well as the recruitment of subunit d (Figure 3). However, while 

the C-termini of Voa1 and Ac45 appear to fulfill similar tasks, further studies will be 

required to elucidate the function of the luminal domain of Voa1. 
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CONCLUSIONS 

Here, we present the 3.5 Å resolution cryoEM structure of yeast Vo reconstituted into 

lipid nanodiscs. The isotropic resolution of the reconstruction highlights the potential of 

lipid nanodisc reconstitution of membrane protein complexes for high-resolution 

structure determination by cryoEM as previously demonstrated for the TRPV1 channel 

(Gao et al., 2016). We show that the assembly factor Voa1 is a part of the mature V-

ATPase membrane sector and contributes to the structural stability of the proteolipid ring. 

We provide an atomic picture of the essential residues along the proton path and propose 

a mechanistic model of proton translocation that is well supported by a large body of 

available biochemical and functional data. Moreover, our structure provides a foundation 

for the study of V-ATPase related human diseases, information that may help with future 

development of therapeutic interventions. 
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STAR METHODS 

Contact for Reagent and Resource Sharing 

Requests for further information as well as resources and reagents should be directed to 

and will be fulfilled by the Lead Contact, Stephan Wilkens (wilkenss@upstate.edu). 

 

Experimental Model and Subject Details 

Yeast strain construction. Yeast VOA1Δ mutant in the BY4741 strain background was 

purchased as part of a yeast deletion mutant array from Open Biosystems (Pittsburgh, 

PA). voa1Δ::kanMX allele was PCR amplified from the mutant strain with 

oligonucleotides upstream and downstream of the locus: voa1-5′utr:GCA ACA GTA 

CGA TTA TTA CAC TGA CTA TGC TGC AG; voa1-3′utr: GGC CAT TGC AGC 

AGC TAA ACC TCC AC. The fragment was transformed into a Vo purification strain in 

the BY4741 background with C-terminal calmodulin binding peptide (CBP) tag on 

subunit a (vph1-CBP::ura3) (Couoh-Cardel et al., 2015). Transformants were selected on 

SD-ura+G418 media. 

 

Method Details 

Purification of Vo from yeast microsomal membranes. Protein purification of native 

Vo and Vo in a voa1Δbackground was performed as described previously (Stam and 

Wilkens, 2017). Briefly, cells were harvested during the second log phase of growth, 

broken by bead beating, and subjected to a differential centrifugation protocol to isolate 

microsomal membranes. Isolated membranes were solubilized using 0.6 mg of 

undecylmaltoside per mg of membrane protein and affinity purified via the CBP-tag with 
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calmodulin sepharose (GE Life Sciences). Vo was reconstituted into lipid nanodisc as 

described previously (Stam and Wilkens, 2017). Briefly, detergent solubilized Vo, 

membrane scaffold protein (MSP1E3D1) and E. coli total lipid extract (Avanti Polar 

Lipids) were mixed in reconstitution buffer (20 mM Tris/HCl pH 7.4, 100 mM NaCl, 0.5 

mM EDTA) at a molar ratio of 0.02:1:25, and subjected to detergent removal by Bio-

Beads SM-2 (BioRad). Reconstitution was performed at 25 °C. Reconstituted samples 

were applied to calmodulin sepharose for removal of unfilled nanodisc, and subjected to 

size exclusion chromatography on a Superdex 200 column. Protein containing peak 

fractions were concentrated and stored at −80 °C until use. For the cryoEM image 

collection of the dataset presented here, frozen aliquots of VoND were thawed quickly 

and subjected to size exclusion chromatography on Superose 6GL (10 mm × 300 mm 

column) in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.5 mM EDTA, 0.5 mM TCEP) as a 

final polishing step. Peak fractions were taken straight for cryoEM sample preparation. 

 Purification of V1Vo from yeast vacuolar vesicles and mass spectrometry. 

Holo V-ATPase was isolated from a yeast strain expressing N-terminally FLAG tagged 

subunit G and reconstituted into lipid nanodiscs as described (Sharma and Wilkens, 

2017). Briefly, a 12 l culture grown to an OD of 1 was converted to spheroplasts and 

lysed with 10 strokes in a Dounce homogenizer in 12% Ficoll containing buffer. The 

lysed spheroplasts were overlaid with 12% Ficoll containing buffer and centrifuged in a 

SW 32 Ti swinging bucket rotor at 24,000 rpm for 40 minutes. Vacuoles were scooped 

from the top, homogenized in 12% Ficoll containing buffer, overlaid with 8% Ficoll and 

centrifuged under the same conditions. Purified vacuoles had a Concanamycin A 

sensitive MgATPase activity of 1.6 U/mg. Vacuoles were solubilized with 1.2 mg/mg 
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dodecyl maltoside, reconstituted with 1.5 mg/mg membrane scaffold protein, and 

detergent was removed with polystyrene beads (BioBeads SM-2). Nanodisc reconstituted 

V1Vo (V1VoND) was purified from total nanodisc reconstituted vacuolar membrane 

protein using 1 ml anti FLAG affinity resin and eluted with 0.1 mg/ml FLAG peptide. 

For mass spectrometry, V1VoND containing fractions were precipitated in presence of 

10% TCA and precipitated protein was re-dissolved in 8 M urea, 100 mM Tris-HCl, pH 

8, 5 mM DTT. Protein samples were heated at 65 °C for 10 minutes, alkylated with 15 

mM iodoacetate and digested with mass spectrometry grade trypsin and chyomotrypsin 

according to the manufacturer’s (Promega) instructions. V1VoND samples were also 

resolved by SDS-PAGE to generate in-gel tryptic digests followed by mass spectrometry 

analysis on a Thermo LTQ Orbitrap mass spectrometer. 

Cryo-EM specimen preparation and imaging. 3 μl aliquots of VoND peak 

fractions from the Superose size exclusion chromatography run (0.3 mg/ml) were applied 

to glow-discharged gold grids (UltrAuFoil™ 1.2/1.3), blotted for 2~3 s, and then plunge-

frozen in liquid ethane using a Leica EM GP (Leica). The grids were transferred into 

cartridges, loaded into an JEM3200FSC (300 KeV) electron-microscope with in-column 

omega filter (25e−V), and images were recorded at 0.7–3.5 m underfocus on a K2 summit 

direct electron detector (Gatan) with super-resolution mode at nominal 30K 

magnification corresponding to a sampling interval of 1.23Å/pixel (Super resolution 0.62 

Å/pixel). Each micrograph was exposed for 10 sec with 5 e−/A2/sec dose rate (total 

specimen dose, 50 e−/A2), and ~50 frames were captured per specimen area using serial-

EM. 
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Image Processing. Each movie stack was initially binned by 2 and then corrected 

for drift and radiation damage using UNBLUR (Grant and Grigorieff, 2015) for total 

frames. From an initial data set, ~3,100 particles from 20 images were automatically 

picked by EMAN2 and the contrast transfer function (CTF) parameters were estimated 

internally based on the boxed particles (e2ctf.py)(Ludtke et al., 1999). Extracted particles 

were subjected to reference-free 2D classification and the resulting 2D class averages 

were used to generate an initial 3D model with C1 symmetry in EMAN2. For all the 

images, CTF was determined with CTFFIND4 (Rohou and Grigorieff, 2015). A total of 

285,000 particles were automatically selected from 1,741 micrographs based on 2D 

references generated in EMAN2 using RELION1.4 (Scheres, 2012). After 2D class 

average and 3D classification, low-convergence classes were discarded and the remaining 

193,646 particles were subjected to 3D auto-refinement in RELION. At this stage, the 

resulting map had a resolution of ~4.2 Å as determined by the gold-standard protocol 

implemented in RELION. The particles from 3D auto-refinement were then submitted to 

particle-based motion correction and radiation-damage weighting (Scheres, 2014). After 

another round of 3D classification using ‘polished particles’, 180,528 particles were then 

subjected to 3D auto-refinement and the resulting map had a resolution of 3.9 Å. To 

minimize potential errors from the signal of the lipid nanodisc, a solvent mask around the 

protein was used in additional iterations as focused refinement (Nguyen et al., 2015), and 

this focused refinement improved the resolution of the final map to 3.5 Å according to the 

gold-standard FSC at 0.143 correlation. The density map and resolution was validated by 

performing an additional round of reconstruction with original raw particle images after 

the Fourier phases were randomized beyond 7 Å using the same image processing 
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protocol (Chen et al., 2013). The local resolution of the density map was assessed by 

ResMap (Kucukelbir et al., 2014). 

Model building. To generate the molecular model, homology models of 

subunit d and the c-ring (Couoh-Cardel et al., 2016) and portions of previously published 

models (PDBIDs: 5TJ5, 3J9V; (Mazhab-Jafari et al., 2016; Zhao et al., 2015)) were fit 

into the density map using Chimera’s Fit in Map Tool (Pettersen et al., 2004). 

Subunit a had the largest amount of unknown density. At this resolution, its protein 

boundaries could be visually determined, even in regions lacking an associated model. A 

30 Å color zone in Chimera was then used to segment density around the known modeled 

regions. Not all of subunit a had previously been modeled, and thus the extra-large 

segmentation could encompass the excess density. The de novomodeling pipeline (Baker 

et al., 2010) was then used to complete various regions that were not previously modeled, 

including the N-terminal domain of subunit a (aNT), subunits e, f, and large portions of 

subunit d(Figure 2, S2A, Movie S2). Here, the secondary structure prediction was 

assessed against predicted α helices in the density map, focusing on helix length, disorder 

and transmembrane regions; all predictions were based on the PHYRE2 Protein Fold 

Recognition Server (Kelley et al., 2015). Once the predicted α helices were positioned, 

large aromatic amino acids were used as anchors to register α helices within the density. 

Loop regions were then built connecting the assigned helices. Subunit a was then 

optimized against the segmented density alone, focusing on the de novo regions with 

Phenix.real_space_refine using default parameters plus simulated annealing (Adams et 

al., 2010). This quickly adjusted the fit to density for the individual subunit. The larger 

complex was then optimized with Phenix.real_space_refine (default parameters) using 
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the complete 3.5Å density map as a constraint. Coot (Emsley and Cowtan, 2004) was 

then used to manually adjust loop regions that did not converge into the density. 

Ramachandran outliers were manually adjusted, in addition to amino acids with 

distortions in bond lengths and angles. Phenix.refine using structure factors generated by 

Phenix.map_to_structure_factors was then used to further optimize the model with 

stronger geometry restraints. Hydrogen atoms were included to improve geometry in later 

refinement cycles. Multiple iterations of reciprocal-space model optimization employing 

torsion-angle non-crystallographic symmetry (NCS) restraints, manual model building in 

Coot, and real-space optimization were carried out until no further improvement could be 

obtained. Model quality was assessed by analysis with Molprobity (Davis et al., 2004) 

and EMRinger (Barad et al., 2015), and the final map and model were used to model the 

atom positional uncertainty (atomic displacement parameters (ADP) (Roh et al., 

2017; Trueblood, 1996)(Figure S2A, Movie S2). Buried surface areas were analyzed 

using PISA as implemented in the CCP4 program suite (Krissinel and Henrick, 2007). 

Aqueous cavities were analyzed using 3v (Voss and Gerstein, 2010). 

 

Quantification and Statistical Analysis 

Quantification, statistical analysis and validation are implemented in the software 

packages used for 3-D reconstruction and model refinement. 
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Data and Software Availability 

The 3D cryoEM density map has been deposited in the Electron Microscopy Data Bank 

under the accession number EMD: EMD-7348. Coordinates have been deposited in the 

Protein Data Bank under the accession number PDB: 6C6L. 
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FIGURE II.1. 3.5-Å-Resolution CryoEM Map of VoND. 
(A) Electron micrograph of ice-embedded VoND showing uniform particle distribution 
with representative particles highlighted by circles. 
(B) Averaged 2D projections showing elements of secondary structure surrounded by 
isotropic density of the 150 × 120 × 60 Å3 lipid nanodiscs. 
(C) VoND density map showing subunits a (green), d (cyan), e (blue), f (purple), and c-
ring subunits c8 (pink), c’ (orange), and c” (yellow). The image to the right shows the 
inside of the c-ring, highlighting the N-terminal α helix of c” (c”NT) and the here-
identified integral component of Vo, the C-terminal TMH of the assembly factor Voa1 
(red). 
(D) View from the cytoplasm toward the membrane showing the rotor subunit datop 
the c-ring and next to aNT. 
(E) View from the lumen showing the position of Voa1 and subunits c’ and c” relative 
to aCT. 
The low-pass-filtered density of the lipid nanodisc is shown in transparent gray. The 
same color codes for different protein subunits are used throughout the remaining figures. 
See also Table 1, Figure S1, and Movies S1 and S2. 
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TABLE II.1 CryoEM Data Collection, 3-D Reconstruction, and Model Refinement; 
Related to Figures 1 and 2 

 
Data collection and 3-D 
reconstruction VoND (EMDB: EMD-7348) 

Grid UltrAuFoil 1.2/1.3 (Quantifoil) 
Cryo-specimen freezing Leica EM GP (single blot, 90% relative humidity, blot time = 2∼3 sec) 
Electron microscope JEM3200FSC (300 keV, in-column energy filter [25 eV]) 
Detector Gatan K2 Summit (4K × 4K, 5 μm pixel size) 
Sampling interval 0.615 Å/pixel (super-resolution), 1.23 Å/pixel (2 × 2 binned) 
Exposure rate on specimen 5 e−/Å2/sec (total dose = 50 e−/Å2) 
Exposure time 10 sec (5 frames/sec) 
Drift correction Unblur with exposure filter (1,741 movies) 
Defocus range 0.7 – 4 μm 
Defocus determination CTFFIND4 
Particles picked RELION 1.4 
Particle box size 200 × 200 
Number of particles used 180,528 (out of 285,000 boxed particles) 
Initial map generation EMAN 2.1 
Map refinement RELION 1.4 
Resolution 3.5 Å (gold standard FSC at 0.143 correlation) 
Model building and refinement VoND (PDB: 6C6L) 

Non-hydrogen atoms 22,110 
Protein residues 
modeled/expected 

2,866/3,000 (excluding Voa1) 

All-atom contacts (clash score) 4.44 (100th percentile, N=37, 3 Å – 9999 Å) 
Poor rotamers 14 (0.60%; Goal: <0.3%) 
Favored rotamers 2180 (93.04%; Goal: >98%) 
Ramachandran outliers 0 (0.00%; Goal: <0.05%) 
Ramachandran favored 2794 (97.54%; Goal: >98%) 
MolProbity score 1.32 (100th percentile, N = 342, 3.50 Å ± 0.25 Å) 
Cβ deviations >0.25Å 0 (0.00%; Goal: 0) 
Bad bonds: 0 / 22558 (0.00%; Goal: 0%) 
Bad angles: 0 / 30638 (0.00%; Goal: <0.1%) 
Cis prolines: 0 / 86 (0.00%; Expected: ≤1 per chain, or ≤5%) 
Cα BLAM outliers 28 (0.98%; Goal: <1.0%) 
Cα geometry outliers 6 (0.21%; Goal: <0.5%) 
EMRinger score (1603 residues) 1.93 
Isotropic B factor Å2 (average) 165.1 

 
FSC, Fourier shell correlation; RH, relative humidity. 
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FIGURE II.2. Atomic model of VoND. 
(A) Ribbon diagram of the all-atomic model of nanodisc reconstituted yeast Vo. 
(B) View inside the c-ring highlighting the arrangement of Voa1, the N-terminal TMH 
of c″ (c″NT) and subunit d. 
(C) The interface between the c-ring and aCT is formed by c(1) and c″. 
(D) The interaction between subunits d and c″ is mediated by hydrophobic contacts and a 
possible salt bridge between c″R92 and dD50. dH1 indicates subunit d’s N-terminal α 
helix. 
(E) The interaction between aNT and subunit d when viewed from the cytoplasm towards 
the membrane, with contact residues previously identified biochemically (Stam and 
Wilkens, 2017) highlighted by space fill Cαs shown in red. 
See also Table 1, Figure S2 and Movie S3. 
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FIGURE II.3. Voa1 Is a Component of Vo and Contributes to the c-Ring Stability 
and Subunit d Association. 
(A) Slice-through cryoEM map of VoND, with density highlighted in red representing the 
C-terminal TMH of the assembly factor Voa1. 
(B) Silver-stained SDS-PAGE of wild-type VoND and VoND(voa1Δ). The arrow 
indicates partial degradation of subunit a in the VoND(voa1Δ) preparation. 
(C) The cryoEM density (red) assigned to Voa1 in wild-type VoND (A) is missing in the 
map of VoND(voa1Δ). 
(D) Model of the C-terminal TMH of Voa1 within the corresponding map density 
highlighted in (A). 
(E and F) Atomic displacement parameter (ADP) display of the c-rings of VoND and 
VoND(voa1Δ) (E) and comparison of the normalized ADP for VoND and VoND(voa1Δ) 
(F). 
(G) 2D class averages of particles in different orientations from the VoND and 
VoND(voa1Δ) datasets. Deletion of Voa1 results in loss of subunit d in ∼30% of the 
particles (as indicated by the orange circle in the 2D average shown at the top right). The 
scale bars represent 50 Å. 
See also Figure S3. 
  



 90 

 
FIGURE II.4. Subunit a and the Proton Path. 
(A) Schematic of aCT showing TMHs 1–8 (aCT1–8), with the cytosolic and luminal 
aqueous access cavities shown in the top and bottom insets annotated with key amino 
acid residues, respectively. 
(B) Interface between aCT and the c-ring as seen from the cytoplasm. The interface 
buries aCT7 and 8 and the outer surface of c(1) and c”. 
(C) Some of the residues that mediate the interaction between c-ring and aCT are shown in 
the zoomed-in view; (i) residues near the luminal cavity, (ii) the electrostatic barrier 
(aR735 and aR799), and (iii) the cytosolic access cavity. 
See also Figure S4 and Movie S4.  
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FIGURE II.5. Mechanistic Model of Proton Pumping. 
(A) View of our structure from the cytoplasm illustrating the proton path in Vo. 
(B) Mechanistic model of c-ring-aCT interactions upon c-ring clockwise rotation during 
V-ATPase-driven proton pumping. One glutamate (E137) in one c-ring subunit (c(n)) is 
deprotonated by passing its H+ to E789 at the luminal cavity (i), and the H+ is delivered to 
the lumen through a sequence of polar residues (H743, D425, and D481 in aCT). (ii and 
iii) The deprotonated E137 is stabilized by interactions with S792 and H796 (ii) and 
attracted by the positively charged R735, forming a salt bridge (iii). (iv) Further rotation 
breaks the salt bridge and brings the glutamate into contact with the cytoplasmic cavity, 
where it is reprotonated from the cytoplasm near E721. 
See also Movie S5. 
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FIGURE II.6. Mechanistic Interpretation of Loss-of-Function Mutations in 
Subunit a of Yeast and Human V-ATPase. 
(A) Residues indicated by space fill Cαs (red circle) are implicated in V-ATPase activity 
based on mutagenesis and functional studies in yeast (Toei et al., 2011). Some of the 
residues are found to make contact with the unidentified density at the luminal side 
of aCT. S740 and K536 appear to interact via H-bond (box). 
(B) Disposition of the disease-causing mutations in isoforms 3 and 4 of human V-ATPase 
subunit a. 
See also Figure S5 and Table S1. 
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TABLE II.★. Key Resources Table (STAR Methods) 
 

 
  

REAGENT or RESOURCE SOURCE IDENTIFIER 

E. coli BL21 (DE3) Novagen Novagen 

Lipid nanodiscs with membrane scaffold protein MSP1E3D1 preparation (Stam and Wilkens, 2017) N/A

E. coli polar lipid extract  Avanti Polar Lipids Cat#100600 
Bio-Beads SM-2 Bio-Rad Cat#1523920 
n-Undecyl-b-D-Maltopyranoside, Anagrade Anatrace Cat#U300 
Calmodulin Sepharose 4B GE Cat#17052901
anti FLAG M2 affinity agarose SIGMA Cat#A2220
Trypsin Gold Promega Cat#V528A
Chyomotrypsin Sequencing Grade Promega Cat#V106A

Pierce BCA Protein Assay Kit ThermoFisher Cat#23225 

Coordinates of the yeast Vo proton channel (WT) This paper PDB:6C6L 
Map of the yeast Vo proton channel (WT) This paper EMD-7348 
Map of the yeast Vo proton channel (Voa1p deletion) This paper EMD-7348 (Supplementary map) 

S. cerevisiae BY4741 / VPH1-CBP (Couoh-Cardel et al., 2016) N/A
S. cerevisiae SF838-5Aa vma10 D::KanMX, pRS315 FLAG-Vma10 (Sharma and Wilkens, 2017) N/A
E. coli BL21(DE3) / pET28a_MSP1E3D1 (Stam and Wilkens, 2017) N/A

voa1-50utr: GCAACAGTACGATTATTACACTGACTATGCTGCAG This paper N/A
voa1-30utr: GGCCATTGCAGCAGCTAAACCTCCAC This paper N/A

pMSP1E3D1 Addgene Cat#20066

Serial EM (Mastronarde, 2005) http://bio3d.colorado.edu/SerialEM 
Unblur (Grant and Grigorieff, 2015)  http://grigoriefflab.janelia.org/unblur
CTFFIND4 (Rohou and Grigorieff, 2015) http://grigoriefflab.janelia.org/ctffind4 
EMAN2 (Ludtke et al., 1999) http://blake.bcm.edu/emanwiki/EMAN2 
RELION 1.4 (Scheres, 2012) http://www2.mrc-lmb.cam.ac.uk/relion 
COOT (Emsley and Cowtan, 2004) https://www2.mrc-lmb.cam.ac.uk/ personal/pemsley/coot 
PHENIX (Adams et al., 2010) https://www.phenix-online.org 
MolProbity (Davis et al., 2004) http://molprobity.biochem.duke.edu 
Chimera (Pettersen et al., 2004) https://www.cgl.ucsf.edu/chimera 
EMringer (Barad et al., 2015) http://fraserlab.com/2015/02/18/EMringer/ 
Phyre2 (Kelley et al., 2015) http://www.sbg.bio.ic.ac.uk/phyre2/ html/page.cgi?id=index 

Oligonucleotides

Recombinant DNA

Software and Algorithms

Chemicals, Peptides, and Recombinant Proteins 

Biological Samples 

Bacterial and Virus Strains 

Critical Commercial Assays 

Deposited Data

Experimental Models: Organisms/Strains
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SUPPLEMENTAL FIGURE II.S1. CryoEM reconstruction of lipid nanodisc 
reconstituted yeast Vo, Related to Figure 1.  
(A) Schematic of the subunit architecture of eukaryotic V-ATPase, and regulation by 
reversible dissociation into autoinhibited V1-ATPase and Vo proton channel sectors, 
adapted from (Couoh-Cardel et al., 2015). (B) Superose 6 size exclusion chromatography 
was utilized as a final polishing step for the VoND preparation. Inset, silver stained SDS-
PAGE of the pooled peak fractions that were used for cryoEM analysis. (C) Euler angle 
distribution of the particles that were included in the 3D reconstruction indicating overall 
isotropic coverage of orientations, with some preference for VoND side views (Scale bar: 
50 Å). (D) Fourier shell correlation plots between even and odd maps of original particle 
images, of particle images after the phase randomization beyond 7 Å, between the full 
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data set maps with, and without phase randomization, and between map and model. (E) 
The c-ring is displayed in a linear representation (unwrapped) to illustrate the overall 
isotropic resolvability of all 10 proteolipid subunits, including c8 (pink), c’ (orange), and 
c’’ (yellow). (F) ResMap analysis of the local resolution displayed in red/blue surface 
coloring on the VoND map.  
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SUPPLEMENTAL FIGURE II.S2. Atomic model of yeast Vo, Related to Figure 2.  
(A) Model atomic displacement parameter (ADP) distribution is shown in red/blue 
surface coloring on the VoND map (center panel). ADPs are displayed on the model fit 
into the density displayed in grey (panels on left and right). (B) Unmodeled density 
(shown in grey) on the luminal side of the aCT-c-ring interface (left panel) and the 
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opening of the central pore of the c-ring (right panel). (C) Essential c-ring glutamates 
shown in map density. (D) Proton binding sites in c’ (left panel) and c (right panel), and 
at the interface of c(1) and c” (middle panel). The proton carrying glutamates are at a 
distance compatible to form hydrogen bonds to the tyrosines from the transmembrane 
helices of the same or neighboring subunit.  
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SUPPLEMENTAL FIGURE II.S3. The Assembly Factor Voa1 is a Component of 
Yeast Vo, Related to Figure 3. 
(A) Mass spectrometry of tryptic and chymotryptic in-solution digests identified several 
peptides for Voa1 in both VoND isolated from microsomal membranes and V1VoND 
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isolated from vacuolar vesicles. (B) Amino acid sequence of Voa1 with peptides 
identified by mass spectrometry of VoND solution digest highlighted in green (high 
confidence) and red (medium confidence). Voa1 residues modeled based on the VoND 
cryoEM map (D212-K263) are underlined in black. (C) View inside the c-ring of the 
models of amphipol solubilized Vo (PDB:5TJ5) (Mazhab-Jafari et al., 2016) and VoND 
(This study). (D) Mass spectrometry of in-gel digests of V1VoND isolated from vacuolar 
vesicles. Left gel, ~2.5 μg V1VoND was resolved by SDS-PAGE and the gel was stained 
with silver. V-ATPase subunits are indicated on the right. Right gel, ~5 μg of V1VoND 
was resolved by SDS-PAGE and the gel was stained by Coomassie. The indicated gel 
pieces were excised and digested with trypsin and the resulting peptides analyzed by 
mass spectrometry. Some of the hits are highlighted in the table to the right with scores 
and % sequence coverage in parentheses. Full length Voa1 migrates with an apparent 
molecular mass of 35 kDa (gel piece 1). The Voa1 peptides identified in gel pieces 1, 5, 
and 6 are indicated in panel (B) by magenta underlines. Note the ragged end of the 
peptide starting at residue 197 (ETLSHHDNNK), suggesting that the majority of Voa1 is 
proteolyzed in the cell up to this point.  
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SUPPLEMENTAL FIGURE II.S4. Structural features of the proton translocation 
pathway, Related to Figure 4.  
(A) Subunit a is colored in red/green based on evolutionary sequence conservation. The 
sequence alignment was generated using MAFFT with a total of 382 sequences evenly 
distributed over lower and higher eukaryotes, including human. The analysis 
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demonstrates numerous strictly and highly conserved residues, especially along the tilted, 
long aCT7 and 8, and along the surfaces lining the cytoplasmic and luminal aqueous 
cavities. (B) Superposition of the model to the density map of aCT (TMH7, 8; top panel) 
and the c-ring (c(1) H2, 4 and c”H3, 5; bottom panel). (C) Electrostatic surface potential 
of aCT7 and 8 showing the beginning of the luminal exit channel (left circle), the bottom 
of the cytosolic entrance cavity (right circle) and the electrostatic barrier formed by 
R735/R799. (D) View inside the electrostatic surface potential highlighting the negative 
potential (shown in red) of the cytosolic and luminal aqueous cavities. (E) The putative 
path of the essential glutamates and the tyrosines on the c-ring. These residues are in 
continuous contacts with aCT7 and 8 during c-ring rotation.  
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SUPPLEMENTAL FIGURE II.S5. Activity modulation upon assembly induced 
conformational change in aNT, Related to Figure 6. 
(A) Location of aNT in holo V-ATPase (Zhao et al., 2015) as indicated by the dashed 
lines. (B) View from the cytoplasm towards the membrane showing the contacts of the 
distal domain of aNT in free Vo (top) and Vo as part of holo V-ATPase (bottom), the scale 
bar indicates 4 nm, which is the distance between subunits d and G. Labeled residues 
indicate the location of human disease-causing mutations in aNT‘s distal domain. Human 
K237 corresponds to K251 in yeast, which is engaged in an electrostatic interaction with 
the negatively charged subunit d (top right). A131 is part of the disordered loop (153- 183 
in yeast) that is in contact with subunits E and G of V1 upon holoenzyme formation 
(bottom right).  
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SUPPLEMENTARY TABLE II.S1. Summary of human point mutation on subunit 
a, Related to Figure 6  

 
 
*OPTB1: Osteopetrosis, autosomal recessive 1 
**RTADR: Renal tubular acidosis, distal, autosomal recessive  
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SUPPLEMENTARY MOVIE II.SM1. Overview of 3.5-Å-Resolution CryoEM Map 
of VoND, Related to Figure 1. 
Near-atomic resolution density revealing both global and local features of VoND. 
Individual proteins have been segmented and colored based on the model. Unmodeled 
densities (in or around the complex) are shown in gray. These unmodeled densities may 
be attributed to lipid, potential ions, disordered protein, and/or noise. It should be noted 
that some of these unmodeled densities appear in both the even and odd density maps, 
which would indicate that they are actual map features. 
 
Thumbnail of movie shown here; full length movie can be downloaded at: 
https://www.cell.com/cms/10.1016/j.molcel.2018.02.006/attachment/2409f323-f5d7-
44fa-8d4d-20dcc66eedcb/mmc2.mp4 
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SUPPLEMENTARY MOVIE II.SM2. CryoEM Map and Models of Vo in Amphipol 
versus Lipid Nanodisc, Related to Figure 1. 
Map and model of amphipol solubilized Vo (EMDB-8409; PDB5TJ5). Map densities are 
contoured at thresholds to demonstrate the match with reported models. These thresholds 
are reported in the EMDB with their associated map. Color designation of the subunits is 
the same as in Movie S1. Grey color refers to densities that are not modeled. 
 
Thumbnail of movie shown here; full length movie can be downloaded at: 
https://www.cell.com/cms/10.1016/j.molcel.2018.02.006/attachment/585871c1-882f-
4bbf-a48d-db800e60a69a/mmc3.mp4 
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SUPPLEMENTARY MOVIE II.SM3. Overview of VoND CryoEM Map and 
Corresponding Model, Related to Figure 2. 
The following demonstrates the cryoEM map/model quality at both the global and local 
level. Density is colored based on a 2.5 Å radius around each coordinate that was 
assigned. Again, unmodeled density is in gray as in Movie S1. 
 
Thumbnail of movie shown here; full length movie can be downloaded at: 
https://www.cell.com/cms/10.1016/j.molcel.2018.02.006/attachment/931c61cf-6828-
44df-ad89-edb0db6b4952/mmc4.mp4 
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SUPPLEMENTARY MOVIE II. SM4. Highlight of Map and Model of Residues 
along the Proton Path (aCT7 and 8), Related to Figure 4. 
aCT7 and 8 form an interface with the c-ring. Isolated experimental map density for the 
aromatic residues helped to anchor the model during refinement, ensuring that the helical 
register was modeled correctly. Important residues identified by activity defects upon 
mutagenesis (Toei et al., 2011) are highlighted, and either point toward the viewer, or 
toward the aCT-c-ring interface. 
 
Thumbnail of movie shown here; full length movie can be downloaded at: 
https://www.cell.com/cms/10.1016/j.molcel.2018.02.006/attachment/a551af7e-eba7-
4f9a-b621-d6d883d88f72/mmc5.mp4 
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SUPPLEMENTARY MOVIE II.S5. Mechanism of Proton Transport, Related to 
Figure 5. 
Essential c-ring glutamic acid residues (e.g., E137 on c(n)) are deprotonated in the 
chemical environment of the essential E789 in aCT8. As the c-ring rotates clockwise (as 
viewed from the cytosol toward the membrane), the deprotonated E-COO− is attracted to 
the electrostatic barrier between the offset luminal and cytoplasmic cavities, and forms a 
transient salt bridge with R735 in aCT7. Re-protonation of essential c-ring glutamates 
occurs upon entrance into the cytoplasmic cavity between S728 and E721. After 
receiving a proton in the chemical environment of E721, the neutralized c-ring glutamic 
acid can then re-enter the lipid bilayer. 
 
Thumbnail of movie shown here; full length movie can be downloaded at: 
https://www.cell.com/cms/10.1016/j.molcel.2018.02.006/attachment/ffda17a4-7a87-
4adc-8e45-7df5761f10f0/mmc6.mp4 


