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Abstract 

V-ATPase primarily acidifies organelles of the endocytic and secretory pathway. 

The lumen of each of these organelles maintains a distinct pH, but how this diverse pH 

range is established is not well understood. Different modes of regulation of the V-

ATPase may help fine-tune their activity. The a-subunit from the membrane bound Vo 

subcomplex is a regulatory hub of V-ATPase which harbors many regulatory interactions 

in its cytosolic N-terminal (aNT) domain. The aNT domains of all isoforms consist of a 

proximal and a distal globular domain connected by a coiled-coil. Vo a-subunit exhibits 

organelle- and tissue-specific isoforms. Vph1 and Stv1 are the two organelle-specific a-

subunit isoforms in yeast. V-ATPase containing the Vph1 isoform reside in the 

lysosome-like yeast vacuole whereas V-ATPase containing the Stv1 isoform reside 

predominantly in the Golgi apparatus. The RAVE (Regulator of H+ -ATPase of vacuoles 

and endosomes) complex and phosphoinositide phospholipids (PIP lipids) are two 

important factors previously implicated in isoform-specific V-ATPase regulation.  The a-

subunit isoforms vary in their dependence on the RAVE and PIP lipid. But where the 

information of RAVE and PIP lipid recognition reside in the aNT domain and how these 

two regulatory inputs are integrated to control V-ATPase function are not well 

understood. We hypothesize that the aNT domain contains distinct sequences for RAVE 

and PIP lipid recognition, and that the differential interactions of the a-subunit isoforms 

with RAVE and PIP lipids result in isoform-specific function and regulation of the V-

ATPase. To better understand the regulatory information present in the aNT domain, we 

generated chimeric aNT constructs by combining parts of Vph1NT and Stv1NT. Vph1NT 

was previously shown to bind to a RAVE subunit and Vph1 V-ATPases require the 

RAVE complex for their assembly. Stv1-containing V-ATPases on the other hand 

assemble independent of RAVE and Stv1NT does not bind to RAVE subunits in vitro. In 

chapter 2, we have shown that replacing the proximal domain of Vph1NT with the 

proximal end of Stv1NT fully restores the RAVE interaction, implicating this region of 

Vph1 in RAVE-dependent assembly. The two isoforms also exhibit preferences for 

distinct PIP lipids enriched in their organelle of residence; Stv1NT binds tightly to Golgi 

PI(4)P and Vph1NT binds to vacuolar PI(3,5)P2. A PI4P binding site in the proximal 

domain of Stv1NT was previously reported. Our analysis with chimeric constructs 

suggests that a 6-amino acid sequence containing this site is sufficient to transfer PI(4)P 

binding to Vph1NT. Our results also suggest that both the proximal and the distal ends of 

Stv1NT contain sequences that promote PI4P binding. Interestingly, when expressed in 

yeast as a full-length a-subunit, the chimera containing both PI4P and PI(3,5)P2 binding 

sites has wild-type level activity and assembly in isolated vacuoles even though it lacks a 

RAVE binding site. Although V-ATPases in this chimeric strain is fully functional there 

are consequences of their altered regulatory properties. V-ATPases in this chimera 

disassemble during glucose deprivation but do not reassemble efficiently after glucose re-

addition, consistent with a lack of RAVE binding. We also observed a delayed growth in 

media containing raffinose suggesting they cannot readily adjust during a transition to a 

less preferred carbon source. While the lack of RAVE binding gives rise to the growth 

defect of this chimera in a poor carbon source, increased PI(3,5)P2 binding of this 
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mutant, on the other hand, contributes to growth benefit in alkaline pH stress. Together 

these data reveal the interplay between two mechanisms of V-ATPase regulation and 

suggest that aNT domains can functionally integrate multiple regulatory inputs. 
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1.1 Acidification of organelles 

Eukaryotic cells distribute labor by subdividing cells into many compartments or 

subcellular organelles. Most of these organelles are enclosed by one or 

two membranes that separate the contents from the rest of the cytoplasm. By creating a 

unique environment with its own pH and ionic composition, these organelles perform 

specific cellular functions more efficiently than if they were present in the same 

environment. Each intracellular compartment exhibits distinct pH, and this pH is very 

tightly controlled and important for their function (Casey et al., 2010). While the cytosol 

and the endoplasmic reticulum are close to neutral pH, the pH of the organelles of 

endocytic and secretory pathways gradually becomes more acidic (Casey et al., 2010; 

Grinstein & Furuya, 1986; Paroutis et al., 2004; Tarsio et al., 2011). For example, cargos 

in the endocytic pathway encounter progressively more acidic pH as they go in. The 

endocytic pathway consists of plasma membrane, endosomes, and lysosomes (Figure 

1.1). Endosomes vary in their pH, with late endosomes being more acidic with a pH of 

5.5 (Casey et al., 2010) (Tarsio et al., 2011). The lysosomes are the terminal and the most 

acidic organelle of this pathway with a pH range of 4.7-5.5 (Casey et al., 2010) (Tarsio et 

al., 2011). The lysosome-like yeast vacuole, which is widely used to study lysosomes in 

higher eukaryotes, maintains a pH range of 5.5-5.8 (Tarsio et al., 2011) but can vary  

responding to extra- and intra-cellular signals (Diakov & Kane, 2010; Velivela & Kane, 

2018). 

In contrast to the endocytic pathway, proteins in the secretory pathway see more 

acidic organelles as they go toward the plasma membrane. Secretory pathway is 

composed of the ER, Golgi apparatus and secretory granules (Figure 1.1). The Golgi is  
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Figure 1.1: Subcellular compartments and their pH: A diagram of intracellular 

trafficking through endocytic and secretory pathways. The endocytic pathway starts when 

the cargo (represented as purple circle) is internalized from the plasma membrane. It is 

then travelled through the endosomes and finally sent to the lysosome for degradation.  

The secretory pathway carries proteins and lipids (represented as teal circle) from the 

endoplasmic reticulum to the Golgi apparatus and finally exports at the plasma 

membrane. Golgi and endosome connect the two pathways. The pH of the organelles, 

endoplasmic reticulum and cytosol are mentioned in red. All the acidic compartments of 

these pathways are primarily acidified by vacuolar proton ATPase (V-ATPase). The 

image is created using Biorender. 

V-ATPase 
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more acidic than ER with a pH of 6.7-6, decreasing gradually from cis- to trans- (Paroutis 

et al., 2004). The secretory granules are more acidic than the Golgi, with a pH range of 

5.2-5.7 (Casey et al., 2010; Geisow & Evans, 1984). 

 

Organelle function is tied to luminal pH 

Many essential cellular processes such as receptor recycling and/or degradation of 

internalized membrane proteins, entry of microbes, synthesis of cellular proteins, post-

translational processing and folding depend on the progressive acidification of the 

compartments along the pathways. The activity of the hydrolytic enzymes that reside in 

the lysosome/vacuole utilize the strong acidic environment of this organelle (Li & Kane, 

2009; Mauvezin & Neufeld, 2015) . Altered protein glycosylation, impaired Golgi 

morphology and transport are observed when the Golgi lumens are alkalinized using 

chemical agents (Axelsson et al., 2001; Maeda et al., 2008). Regulated secretion of 

secretory granules, loading and concentration of cargo require proper acidification. The 

pH of the endosome regulates release of ligands from receptors (Authier & Chauvet, 

1999; Futter et al., 1996). Loading of neurotransmitters and their subsequent release is 

controlled by acidified synaptic vesicles (Farsi et al., 2016). The acidic environment of 

endosomes is exploited by multiple viruses, including coronaviruses, to drive 

conformational changes required for infection (Cossart & Helenius, 2014; Lakadamyali 

et al., 2004). 
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1.2 V-ATPases: the central player in organelle acidification 

Vacuolar H+- ATPases (V-ATPases) are a highly conserved proton pumps found 

in all eukaryotic cells. V-ATPase belongs to a large class of rotary motor ATPases that 

also accommodates the mitochondrial F-type and archaebacterial A-type ATPases (Cross 

& Muller, 2004). V-ATPases do have a rotary mechanism like the ATP synthase, in 

which ATP hydrolysis in the cytosol generates conformational changes that rotate an 

internal rotor which in turn rotates the c-ring, driving proton transport inside the organelle 

lumen (Oot et al., 2017). However, V-ATPase differs in many of its properties from the 

F- and A-type ATPases (Oot et al., 2017). One of the major differences is while F-

ATPases mostly function in synthesizing ATP, V-ATPases are dedicated proton pumps in 

vivo (Hirata et al., 2000; Wilkens, 2005). In vitro, using a rather steep proton gradient, the 

enzyme is capable of synthesizing ATP but with very low efficiency (Hirata et al., 2000). 

V-ATPases utilize the energy available from ATP hydrolysis to pump H+ against a pH 

gradient, generally from a neutral/alkaline cytosol to an organelle lumen (Kane, 2006). 

These membrane embedded proton pumps function in the acidification of intracellular 

organelles of endocytic and secretory pathway (Figure 1.1) (Casey et al., 2010; 

Marshansky et al., 2014). Acidification by V-ATPases is crucial for maintaining distinct 

pH and pH dependent functions in these intracellular organelles (Casey et al., 2010; 

Cotter et al., 2015). In addition, V-ATPases are also found on the plasma membrane of 

some specialized cells where they function in the acidification of extracellular space 

(Figure 1.1) (Cotter et al., 2015). 
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1.3 Role of V-ATPases in cell physiology and stress response 

Intracellular V-ATPases and their function 

Endocytic pathway: Following receptor mediated endocytosis, the ligand bound 

receptors such as EGFR/ErbB, traffic through clathrin-coated vesicles to early 

endosomes, then late endosomes and finally to lysosomes for degradation (Stevens & 

Forgac, 1997).  Alternatively, the acidic intracellular pH in sorting endosomes uncouples 

the ligand from other receptor complexes such as low-density lipoprotein (Ciechanover et 

al., 1983; Geuze et al., 1983; Marshansky et al., 2014; Stevens & Forgac, 1997). The free 

receptors are then retrieved to the cell surface via recycling endosome (Maxfield & 

McGraw, 2004). V-ATPase mediated acidification is required in the trafficking of 

lysosomal acid hydrolases from ER to Golgi to lysosome via mannose-6-phosphate 

receptor pathway (Creek et al, 1984)(Coutinho et al., 2012).  

Secretory Pathway: V-ATPase plays an important role in regulating the luminal 

pH of the secretory pathway organelles. Various essential processes for cell survival such 

as accurate sorting and targeting of macromolecules to their destination membranes 

depends on V-ATPase dependent acidification (Casey et al., 2010). Glycosylation in the 

Golgi complex helps direct cargo to the appropriate target compartment. Increased Golgi 

pH has been associated with altered glycosylation (Axelsson et al., 2001; Maeda et al., 

2008). Golgi alkalinization causes cutis laxa syndrome, a rare congenital human disease 

(Farsi et al., 2016; Kornak et al., 2008). Proper acidification in the exocytosis machinery 

such as regulated secretory granules is required for efficient secretion of their content 

(Poea-Guyon et al., 2013). Synaptic vesicles, a secretory organelle in the presynaptic 
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neurons, exploit the pH gradient and potential difference across their membrane for 

neurotransmitter loading (Farsi et al., 2016). In addition, the pH of synaptic vesicles 

controls the subsequent exocytosis of neurotransmitter (Bodzeta et al., 2017; Hiesinger et 

al., 2005; Poea-Guyon et al., 2013).  

Cell signaling pathways: Various cellular signaling pathways involved in tissue 

development require V-ATPase mediated acidification in early endosomes. WNT and 

Notch signaling requires the proton pumping function of the V-ATPase to create acidic 

environment essential for trafficking and processing of their receptors.   

V-ATPase function is essential in both canonical and non-canonical WNT 

signaling pathways (Stransky et al., 2016). In addition, the trafficking and processing of 

WNT receptors requires V-ATPase function (Cruciat et al., 2010). In WNT signaling, V-

ATPase makes direct contact with WNT receptors, such as LPR6 and Frizzled receptors 

via its accessory protein Pro-renin receptor (found in higher eukaryotes) and these 

interactions are conserved across species (Buechling et al., 2010; Cruciat et al., 2010; 

Hermle et al., 2010).   

Notch receptors utilize acidified endosome for accurate processing and 

trafficking. In Notch signaling, the intracellular domain transcription is generated by V-

ATPase dependent activation of γ-secretase in early endosome (Vaccari et al., 2010). 

Inhibition of V-ATPase activity significantly disrupts Notch signaling (Kobia et al., 

2014). Loss of V-ATPase assembly factor Rabconnectin-3 also perturbs Notch signaling 

(Sethi et al., 2010). 
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More recently, V-ATPase mediated acidification is implicated in nutritional 

signaling at the lysosome. Zoncu et al, reported V-ATPase as a component of the mTOR 

pathway (Zoncu et al., 2011). They found V-ATPase is necessary for amino acids to 

activate mTORC1. The V-ATPase engages in extensive amino acid-sensitive interactions 

with the Ragulator which recruits Rag GTPases to lysosome. This promotes the 

translocation of mTORC1 to lysosome where it is activated (Zoncu et al., 2011). A more 

recent study suggested mTORC1 is a negative regulator of lysosomal catabolic activity 

that inhibits V-ATPase assembly (Ratto et al., 2022). They showed active mTORC1 

actually inhibits V-ATPase assembly and activity, and inhibition of mTORC1 promotes 

acidification and catabolic activity. Thus, the V-ATPase may act as a part of the upstream 

machinery that regulates mTORC1. However, there is a disagreement in the field about 

crosstalk between V-ATPase and mTORC1.  

 

Extracellular V-ATPases and their function 

In certain polarized animal cells, plasma membrane V-ATPases function to export 

protons outside the cell to acidify the extracellular space. α-intercalated cells of the 

kidney collecting duct, osteoclasts, clear cells of the epididymis, interdental cells of the 

inner ear and sustentacular cells of the olfactory epithelium contain plasma membrane V-

ATPases which contribute to cell-type specific functions (Breton & Brown, 2013; Eaton 

et al., 2021). Urine acidification is achieved through outward proton pumping by V-

ATPases in intercalated cells of collecting ducts in kidney. Intercalated cells have high 

density of V-ATPases on the apical membrane that function in urine acidification (Brown 

et al., 2009). Interestingly, in intercalated cells of kidney and male reproductive tract, 
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cells modulate the number of V-ATPases at the apical membrane through exocytic 

insertion and endocytic retrieval (Alzamora et al., 2013; Breton et al., 2000; Pastor-Soler 

et al., 2003). During systemic acidosis, low pH signals exocytic insertion of V-ATPase 

into the apical membrane whereas alkalosis results in endocytic retrieval of V-ATPases 

into sub-apical vesicles of intercalated cells (Brown et al., 2009). In osteoclasts, plasma 

membrane V-ATPases are recruited to the ruffled border, where they acidify the 

extracellular matrix, activate degradative enzymes and support bone resorption (Qin et 

al., 2012). V-ATPase mediated acidification in extracellular space of the epididymis is 

required for sperm maturation (Shum et al., 2009). In addition, plasma membrane V-

ATPases also contribute to tumor cell invasiveness in various types of human cancers 

which will be covered in detail in a later section. 

 

Role of V-ATPases in stress responses 

V-ATPase function is important in multiple stress responses. The membrane 

potential established by V-ATPases across the vacuolar membrane is used by secondary 

transporters and ion channels to sequester toxic materials from the cytosol. Recent studies 

unveiled an important stress-dependent role for PI(3,5)P2 activation of V-ATPases that 

may operate in various contexts. In this section, I will discuss how V-ATPases respond to 

extracellular stresses such as osmotic stress and alkaline pH stress.  

Osmotic stress:  Salt shock is characterized by changes in water potential as well 

as an imbalance in ion flow (Hohmann, 2002; Silva & Geros, 2009). When the 

extracellular salt concentration is high, water is drawn out of the cell while the sodium 

https://www.sciencedirect.com/topics/medicine-and-dentistry/apical-membrane
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and chloride ions enter. These imbalances result in disruption of many cellular processes. 

How cells adapt to the hyperosmotic stress condition is well-studied in Saccharomyces 

cerevisiae and many mechanisms of adaptation are highly conserved from yeast to more 

complex species. Adaptation generally occurs at the level of changes in gene expression-

transcription and translation. However, as changes in gene expression have time lag, 

more rapid mechanisms likely exist. 

In yeast, upon osmotic stress, two distinct stress responses are observed- an 

immediate early response and long-term response. The immediate response comes from 

the vacuole which may serve as a first responder, to protect the cytosol from salt through 

the action of Na+/H+ antiporters (Li et al., 2012). These antiporters use a proton gradient 

established by V-ATPase to pump sodium into the vacuolar lumen. Activation of V-

ATPase is then needed to maintain a normal proton gradient (Li et al., 2012). Data 

suggests this need for increased V-ATPase activation is fulfilled by increased PI(3,5)P2 

synthesis (Banerjee & Kane, 2020; Li et al., 2014).  Salt stress activates both PI(3,5)P2 

synthesis and V-ATPase activity.  

In contrast, the long-term protective response includes the transcriptional 

activation of Hog MAP kinase pathway (Hohmann, 2002). The activation of HOG 

pathway confers osmotolerance by changing gene expression to produce glycerol, an 

osmoprotectant. In addition, the HOG pathway upregulates plasma membrane 

transporters that extrudes NaCl into the extracellular space. V-ATPase subunit genes 

exhibit complex haploinsufficiency interactions with HOG pathway components which 

suggests V-ATPase and the HOG pathway are linked (Li et al., 2012). V-ATPase is 

activated upon salt stress. V-ATPase activation supports salt sequestration into the 
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vacuole through exchangers dependent on the H+ gradient. HOG pathway is activated 

upon loss of V-ATPase activity, even at relatively low salt concentrations. Cells 

containing mutation in V-ATPase subunit together with deletion of HOG pathway are 

unable to grow in high salt. These findings together suggest that V-ATPase works in 

parallel with HOG pathways to provide adaptation during salt stress.  

Alkaline pH: In addition to osmotic stress, V-ATPases also respond to alkaline 

extracellular pH stress. Yeast cells grown at high extracellular pH have highly active V-

ATPases in isolated vacuoles (Diakov & Kane, 2010). These V-ATPases appear to be 

more stabilized. During high-pH stress, PI(3,5)P2 levels are increased (Mollapour et al., 

2006). PI(3,5)P2 deficient mutants cells grow poorly at alkaline pH (Li et al., 2014).  

These mutants still have higher V-ATPase activity after growth at pH 7 compared with 

pH 5, but appear to be less stabilized (Li, 2014).  

 

1.4 V-ATPase subunit architecture and rotary mechanism 

V-ATPases are highly conserved proton pumps from simple baker’s yeast to 

higher eukaryotes including human. These multi-subunit protein complexes consist of 

~14 distinct subunits. The enzyme is divided into two major domains: the cytosolic V1 

domain and integral membrane bound Vo domain (Figure 1.2). The V1 domain is 

composed of eight different subunits (A-H) and has ATP binding and hydrolyzing sites. 

The integral Vo domain is composed of six to seven different subunits (a,c,c″,d,e and 

Ac45 in mammals and a,c,c′,c″,d,e and f in yeast) and functions to translocate protons 

across the membrane (Mazhab-Jafari et al., 2016). ATP hydrolysis occurs at the interface 
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of A and B subunits. Although the nucleotide binding sites are located at the interface of 

A and B subunits, major residues in the catalytic site are present on A subunit. A and B 

subunits are each present in three copies per complex (A3B3) and are arranged in 

alternating fashion in a ring (Arai et al., 2013). The remaining V1 subunits- C, D, E, F, G, 

and H form peripheral stators including three peripheral stalks formed by subunits E and 

G heterodimers. The three peripheral stalks connect the catalytic headgroup, consisting of 

the A and B subunits, to V1 subunits C and H as well as with the membrane domain Vo. 

Subunits D and F, which comprise a part of the central rotor, are located within the 

catalytic headgroup of A3B3 and interact with subunit d of Vo to provide the functional 

link between V1 and Vo (Balakrishna et al., 2015). Within the Vo domain, subunits c, c′ 

and c″ are arranged in a ring referred to as “c-ring” or “proteolipid ring”. The proteolipid 

ring consists of single copy of subunits c′ (yeast only) and c″ and multiple copies of 

subunit c. The a-subunit is the only yeast V-ATPase subunit that is present as multiple 

isoforms. (Manolson et al., 1992; Manolson et al., 1994). In higher eukaryotes a majority 

of the subunits are expressed as isoforms or splice variants with highest number of 

isoforms present in the a-subunit. In yeast, V-ATPase activity is regulated by reversible 

dissociation of the two domains, in which under glucose deprivation conditions, the V1 

domain detaches from Vo complexes and subunit C detaching from V1 (Kane, 1995). 

Isolated V1 and Vo are inactive. Upon glucose readdition, the reassembly of the V1 and C 

to Vo regions is mediated by the regulator of the ATPase of vacuoles and endosomes 

(RAVE) complex (Kane, 1995; Seol et al., 2001; Smardon et al., 2002). Detail discussion 

on reversible disassembly is added in a separate section. 

  



13 
 

 

 

 

 

 

 

 

 

 

Figure 1.2: V-ATPase subunit arrangement: A. Schematic diagram of the holo-V-

ATPase. Subunits of peripheral V1 domain are shown in uppercase letters and integral Vo 

domain in lowercase letters. The A and B subunits (coral) placed in alternating fashion 

are the two main component of catalytic head group and is linked to Vo via three stator 

stalk subunits EG (cyan and yellow) and bridging subunits C and H (green and purple, 

respectively). The rotor is composed of V1 subunits D (light gray), F, Vo subunit d 

(violet), and proteolipid ring c, c’, c’’ (beige). Vo subunit-a is shown in dark blue. Subunit 

e and f are shown in dark gray. B. Cryo-EM structure (4.20 Å resolution) of yeast V-

ATPase holoenzyme (PDB 7FDA), colored subunits are involved in regulatory 

interactions (Khan et al., 2022) 

 

A B 
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Rotary mechanism of V-ATPase 

ATP hydrolysis occurs in the cytosolic catalytic sites located on the A3B3 

hexamer. Catalysis occurs by “binding change mechanism” of catalysis (Boyer, 1993). 

The three AB pairs form asymmetric heterodimeric trimers, with each AB pair in a 

different conformation known as ‘tight’, ‘loose’, and ‘open’. These conformations are 

expected to bind ATP, ADP and phosphate, and no nucleotide, respectively. This gives 

rise to three possible conformations of the catalytic hexamer, representing the three 

rotational states. During catalysis, the chemical energy of ATP hydrolysis is converted to 

the mechanical energy which drives rotation of the central rotor and the proteolipid ring. 

Upon ATP hydrolysis at the three A3B3 catalytic headgroup, the resulting 

conformational changes drive rotation of the central rotor and the c-ring which transport 

proton across the lipid bilayer (Oot et al., 2017). For each ATP hydrolyzed, the central 

rotor rotates 120° counter-clockwise. Proton translocation occurs at the interface between 

the proteolipid ring and the a-subunit. The a-subunit form two water-accessible 

hemichannels, named as luminal hemichannel and a cytosolic hemichannel. Rotation of 

the central DFd rotor drives rotation of the proteolipid ring past the essential arginine 

residue in aCT. Protons enter a cytoplasmic half-channel and carried by glutamate 

residues on the c subunits, are released into the luminal half-channel. Each c subunit 

contains an essential glutamic acid residue which gets protonated in the cytoplasmic 

hemichannel. Once entered the lipid bilayer, after a close to 360° rotations of the c-ring, 

the proton is delivered to the luminal side of the hemichannel. In the deprotonated state, a 

conserved arginine residue in aCT located at the interface of aCT and the c-ring serves to 

stabilize the essential glutamic acid residues of the c subunits (Kawasaki-Nishi et al., 



15 
 

2001). The detail mechanistic model of proton transport which is supported biochemical 

and mutational data has been proposed in recent structural studies (Khan et al., 2022; Roh 

et al., 2020; Roh et al., 2018; Toei et al., 2011). In this model, the essential glutamate 

E137 in one c-ring subunit transfer its H+ to E789 in aCT at the luminal cavity and the H+ 

is delivered to the lumen through a sequence of polar residues in aCT. The deprotonated 

E137 is stabilized by forming a salt bridge interaction with positively charged R735. The 

free energy of ATP hydrolysis from further rotation would breaks the salt bridge and 

brings the glutamate E137 into contact with the cytoplasmic cavity, where it is 

reprotonated from the cytoplasm upon contact with E721 of aCT. After being protonated 

from the cytoplasmic cavity, the c-ring glutamic acid then re-enter the lipid bilayer to 

complete the transfer the proton from the cytoplasm to the lumen. For effective rotation, 

subunits of peripheral stator-E, G, C, H, and aNT helps maintain the hexamer of globular 

head group in stable condition and therefore function in absorbing the torque (Oot et al., 

2017). In this way ATP hydrolysis in V1 drives proton transport across the membrane 

through Vo. The three catalytic nucleotide binding sites in the A3B3 hexamer and ten 

glutamic acid residues in a ten membered c-ring suggest the ratio of the number of ATP 

molecules hydrolyzed and protons translocated is 3:10- which is a symmetry mismatch 

between a three step V1 motor and a ten-step c-ring. The unique arrangement of essential 

glutamate residues in the c-ring creates an irregular spacing of the glutamic acid residues 

(Khan et al., 2022; Mazhab-Jafari et al., 2016; Roh et al., 2020; Roh et al., 2018). It has 

been proposed that this unequal spacing of c-ring glutamates alleviates symmetry 

mismatch between c-ring and catalytic sites in the holoenzyme as well as contributes to 
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the autoinhibition of passive proton translocation through free Vo (Khan et al., 2022; Roh 

et al., 2020).  

 

Insights from recent structures 

In past, several biochemical and structural works have enabled us to gain insights 

into the important catalytic and fundamental properties of V-ATPase (Toei et al., 2011; 

Wilkens & Forgac, 2001; Wilkens et al., 2004; Zhang et al., 1992; Zhang et al., 2003; 

Zhang et al., 2008). More recently, a number of high-resolution cryo-EM maps from 

different sources are obtained which has further led to many novel insights (Abbas et al., 

2020; Mazhab-Jafari et al., 2016; L. Wang et al., 2020; R. Wang et al., 2020). In the last 

few years, studies have resolved the crystal structure of yeast V1 (-C), the high resolution 

cryo-EM structures of intact V-ATPases, isolated autoinhibited V1 both with and without 

C subunit and isolated autoinhibited yeast Vo (Khan et al., 2022; Oot et al., 2016; Roh et 

al., 2018; Vasanthakumar et al., 2019; Vasanthakumar et al., 2022). Several different 

biochemical methods were utilized to isolate, purify, and obtain the structures of the 

enzyme. However, the overall structure and catalytic properties of the enzyme from 

various preparations are found to be very similar. Similarities are observed between the 

two yeast a-subunit isoforms Vph1- and Stv1- containing complexes in the subunit 

architecture, in three distinct rotational states, in the aNT conformations, and more 

importantly in the residues that are important for enzyme activity (Vasanthakumar et al., 

2019). However, significant differences are found in the electrostatic charge between 

Vph1-Vo and Stv1-Vo which help rationalize how subunit isoforms influence enzyme 

activity. Atomic models for the Vo region, built from the cryo-EM structures provide both 
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structural and mechanical basis for understanding proton translocation (Khan et al., 2022; 

Mazhab-Jafari et al., 2016; Roh et al., 2018). Cryo-EM models and simulations also 

proposed a mechanism for autoinhibition Vo (Roh et al., 2020). The crystal structure of 

autoinhibited yeast V1 reveals a mechanism by which a large conformational change in 

C-terminal of subunit H contributes to the V1 autoinhibition (Oot et al., 2016). On the 

other hand, in the cryo-EM of isolated V1 no such changes in conformation were 

observed. They proposed that interaction of HCT with EG2 inhibits ATP hydrolysis by 

preventing catalytic conformational changes. In addition, this cryo-EM reveals dramatic 

conformational changes throughout V1 and proposed a model with the order of events that 

occurs during the regulated reversible dissociation of V-ATPases (Vasanthakumar et al., 

2022). 

Recent cryo-EM structures of mammalian V-ATPases have suggested the 

fundamental structural similarity both in V1 and Vo domain with fungal V-ATPase 

(Abbas et al., 2020; L. Wang et al., 2020; R. Wang et al., 2020). The high degree of 

similarity between the mammalian and yeast V-ATPase structures suggests that they 

share the same mechanism for rotation-driven proton pumping including the 

characteristic 120° rotary states of the enzyme (Abbas et al., 2020; L. Wang et al., 2020; 

R. Wang et al., 2020). The mammalian complexes enabled detailed understanding of the 

two accessory polypeptides, Ac45 and PRR and their interaction with V-ATPase 

subunits. Yeast Vo assembly factor Vo a1 bind to a position identical to that occupied by 

the mammalian Ac45 suggesting the conserved role of this factor in stable assembly of 

the Vo complex (Roh et al., 2018) (Abbas et al., 2020; L. Wang et al., 2020; R. Wang et 

al., 2020). Human V-ATPase structures also enables identification of glycosylated 
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residues on some of the subunits of Vo (L. Wang et al., 2020). A novel glycolipid ligand 

dolichol-diphosphate-linked glycan is found in the cryo-EM maps of both yeast and 

human which again supports conservation from yeast to human (Roh et al., 2020; L. 

Wang et al., 2020).  

 

Phenotypes of loss of V-ATPase activity 

V-ATPases are present in all eukaryotic cells where they perform multiple diverse 

functions ranging from maintenance of distinct intraorganellar pH to overall cytosolic 

and extracellular pH homeostasis (Nishi & Forgac, 2002). Therefore, it is not surprising 

that loss of V-ATPase activity in subunit deletion mutants have far-reaching 

consequences in overall cellular physiology (Kane, 2007). However, structurally V-

ATPases are highly conserved from yeast to human (Kane, 2006; Nishi & Forgac, 2002). 

The budding yeast Saccharomyces cerevisiae has become a great model system to study 

V-ATPase for two major reasons. While higher eukaryotes exhibit a number of tissue and 

organelle specific isoforms and splice variants for the majority of the subunits In yeast, 

these subunits are encoded by a single “VMA” gene except for the a-subunit genes. The a-

subunit of the membrane bound Vo sector is the only subunit that is present as two 

isoforms in yeast, encoded by two genes: VPH1 and STV1. The Vph1 containing V-

ATPases localize primarily to the vacuole whereas the Stv1 isoform localizes primarily to 

the Golgi apparatus. In yeast, deletion of any of the single isoform subunits (vma 

mutants) results in a distinctive conditional lethal phenotype, referred to as Vma- 

phenotype. The vma mutants are sensitive to high pH and high calcium (Nelson & 

Nelson, 1990; Ohya et al., 1991). Specifically, vma mutants can grow well in YEPD  
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media buffered to pH 5 because growth under this condition does not require any V-

ATPase activity. But they are unable to grow in plates buffered to pH 7.5 or plates 

supplemented with 4 mM of ZnCl2 because V-ATPase activity is required to be able to 

grow under this condition. The vph1∆ mutants exhibit a partial phenotype, where they 

can grow to some extent in pH 7.5 because Stv1 can support some V-ATPase activity in 

this mutant. But they cannot grow in presence of ZnCl2 because that solely require 

vacuolar V-ATPase activity (Manolson et al., 1994). The stv1∆ mutants do not exhibit a 

Vma- phenotype as Vph1 can compensate for loss of Stv1 by acidifying Golgi. Only the 

vph1∆stv1∆ double mutant has a full Vma- phenotype indistinguishable from the vma 

mutants (Manolson et al., 1994). The vma mutants also exhibit distinct metal ion 

sensitivity, sensitivity to high concentrations of extracellular calcium and inability to 

grow on non-fermentable carbon sources (Kane, 2006). Calcium-sensitive cls- mutants 

have defects in V-ATPase activity (Ohya et al., 1991) 

 Unlike yeast, complete loss of V-ATPase activity is lethal in higher eukaryotes 

(Sun-Wada et al., 2000). However, in some cases, partial loss of function due to null 

mutation of a subunit isoform results in loss of V-ATPase activity only in specific 

locations and therefore gives more localized and restrictive phenotype (Karet et al., 

1999).  

The Vma- phenotype is largely the reason that yeast is a great model system for 

studies of V-ATPase function. In fact, it has been a great tool for screening new subunit 

genes, assembly factors, V-ATPase regulators and identifying new mutations that 

compromise function (Ho et al., 1993; Ohya et al., 1991; Oluwatosin & Kane, 1998; 

Sambade et al., 2005). Direct analysis of vma mutants has led researchers to explore 



20 
 

downstream effect of V-ATPase loss of function. In genomic screens, vma mutants 

showed drugs sensitivity as well as sensitivity to metal ion, oxidative stress and both low 

and high extracellular calcium (Parsons et al., 2004), (Eide, 1998), (Outten et al., 2005), 

(Sambade et al., 2005; Yadav et al., 2007). In addition, poor growth on high salt 

(Hamilton et al., 2002), and aberrant vacuolar morphology (Seeley et al., 2002) was also 

observed. Some of the consequences are expected given the housekeeping function of 

vacuole in metal ion and calcium homeostasis, in nutrient storage and in sequestration of 

multiple metabolites and toxins (Klionsky et al., 1990); others are surprising such as 

hypersensitivity to oxidative stress. Later studies suggested V-ATPase-mediated 

acidification of endosomes and lysosomes helps to promote proper iron mobilization and 

utilization. Improper regulation of iron may result in interaction of iron with hydrogen 

peroxide to catalyze the production of hydroxyl radicals ultimately resulting in cell 

damage (Valko et al., 2005). Loss of V-ATPase activity triggers oxidative stress and 

altered iron homeostasis. The peroxiredoxin Tsa2p, an antioxidant, is induced upon loss 

of V-ATPase activity and limits up-regulation of iron intake genes which may provide 

unique, protection mechanism (Diab & Kane, 2013; Milgrom et al., 2007). However, 

defects such as sensitivity to multidrug and DNA damaging agents are not well dissected. 

 

1.5 Role of V-ATPases in diseases 

Due to diverse physiological roles, aberrant V-ATPase activity is also implicated 

in a wide variety of diseases. Therefore, V-ATPases are a potential target of drug 

development for a number of disease conditions including osteoporosis, distal renal 
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tubular acidosis, metastatic cancer, and viral infections (Bowman & Bowman, 2005; 

Kane, 2012; Kartner & Manolson, 2014; Lu et al., 1998; Spugnini et al., 2010). 

Mutations in specific V-ATPase subunit genes are implicated in several human genetic 

defects. These include- distal renal tubule acidosis, sensorineural deafness, osteopetrosis, 

cancer and diabetes. Mutations in the renal cell specific B1 isoform of subunit B of the V-

ATPase lead to renal tubule acidosis, in which normal plasma pH is not maintained 

because of the perturbation of acid secretion in renal intercalated cells (Karet et al., 

1999). Mutations in another renal cell specific isoform- the a4 isoform of subunit a, has 

also been linked to renal tubule acidosis (Smith et al., 2000). Interestingly, in some cases, 

B1 or a4 mutations are implicated in sensorineural deafness (Karet et al., 1999). 

Osteopetrosis is another important genetic disease caused by mutation in a cell type 

specific subunit isoform. In osteopetrosis, osteoclasts with a mutated a3 isoform fail to 

secrete acid and therefore unable to degrade bone (Frattini et al., 2000). Loss of a3 shows 

defects in secretion of insulin in secretory granules of islet cells in mice (Sun-Wada et al., 

2006).  

 Increased V-ATPase activity due to upregulation of certain V-ATPase subunits 

has been implicated in tumor metastasis and tumor cell survival. Inhibition of V-ATPase 

activity inhibits cancer progression (Forgac, 2007). Furthermore, unconventional 

expression of plasma membrane V-ATPases in cancer cell helps them maintain acidic 

extracellular environment (Capecci & Forgac, 2013; Hinton et al., 2009; McGuire et al., 

2017; Su et al., 2022). Proteolytic enzymes such as cathepsin which normally reside in 

lysosome are secreted in the extracellular space in cancer cells. The low pH of the 

extracellular space activates cathepsin which in turn facilitates the proteolysis of 



22 
 

extracellular matrix and ultimately promotes invasiveness (Chung et al., 2011; Fan et al., 

2015; Gocheva & Joyce, 2007). In osteosarcoma cells, the acidic external environment 

leads to drug resistance (Kolosenko et al., 2017). Therefore, an attractive choice to limit 

cancer metastasis is targeting the mechanisms by which cancer cells survive in acidic 

microenvironments. In fact, some studies reported that injection of sodium bicarbonate to 

alkalinize the tumor environment inhibit metastasis (Robey et al., 2009; Zhang, 2017).  

pH regulation and inhibition of apoptosis are two major pathways by which V-

ATPases promote tumor cell growth. Increased glycolysis in tumor cells results in 

increased H+ production. V-ATPase inhibitors reduce proton efflux in both in vitro and in 

vivo model systems (McSheehy et al., 2003; Volk et al., 1998). Loss of V-ATPase 

function also promotes apoptosis through caspase-dependent and caspase independent 

mechanisms (Aiko et al., 2002; De Milito et al., 2007). 

 Many viruses such as influenza virus and coronaviruses, enter the cell by 

receptor-mediated endocytosis (Belouzard et al., 2012; Townsley et al., 2006; Wang et 

al., 2008). Upon internalization into endosomes, V-ATPase mediated acidification 

induces conformational changes in the viral proteins, which promotes fusion and release 

of the replication factors into the cell cytoplasm (Perez & Carrasco, 1994; Stegmann et 

al., 1989; White, 1990). Low pH in the endosome activates endosomal cathepsin which in 

turn activates viral spike proteins and allows membrane fusion, entry into the host cell 

and viral genome release through endosomal membrane fusion (Cai et al., 2020). A 

recent study performed high throughput screening to identify inhibitors of endosomal 

acidification with minimum cellular toxicity (Icho et al., 2022). They found that 

inhibition of endosomal acidification through a specific V-ATPase inhibitor (bafilomycin 
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A1) was safe and effective at neutralizing coronavirus entry into cells. However, systemic 

effects of bafilomycin may preclude its therapeutic use. 

In a screen of a human lung cDNA library the V-ATPase G1 subunit isoform was 

found to directly interact with the 3CLpro (a C-like proteinase, that release viral protein 

in host cell) expressed by coronaviruses (Lin et al., 2005). In addition, the G1 subunit 

likely contains a 3CLpro cleavage site and appears to be cleaved by the viral protease. 

The G1 subunit cleavage is associated with a decrease in intracellular pH. This suggest 

that V-ATPase activity may increase upon cleavage and the resulting formation of the pH 

gradient may favor virus replication. 

 

1.6 Regulation of V-ATPase activity 

As discussed above, V-ATPases are involved in various physiological processes. 

To ensure proper maintenance of these processes as well as to prevent futile consumption 

of ATP, V-ATPase activity must be efficiently regulated. This can be achieved by a 

number of mechanisms, including transcriptional regulation, regulation by subunit 

isoform expression, regulated trafficking, changes in the efficiency of coupling of proton 

transport with ATP hydrolysis, reversible disassembly, interaction with cellular and 

regulatory factors and so on. Interestingly, these mechanisms do not follow all-or-none 

rule, rather, they finely tune the efficiency of proton pumping to enable V-ATPases to 

respond to different signals to accommodate numerous physiological processes.  
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Regulation of V-ATPase gene expression 

V-ATPase regulation by gene expression is a complex process. The multiple 

functions of V-ATPases and differential localization and coordination between 

ubiquitous vs tissue restricted subunits complicate the regulation of expression of V-

ATPase subunits and therefore, must require multiple levels of regulation in gene 

expression. V-ATPase subunit expression is therefore, less well understood. V-ATPase 

subunits Vma4 and Vma9 have corresponding antisense RNAs (Wong et al., 2013). The 

role of these antisense transcript is unknown but may indicate that mRNAs of these 

subunits are under translation repression through the anti-sense RNAs. A recent study 

suggested Insulin-like growth factor 2 messenger RNA binding protein 2 (IGF2BP2) 

allows degradation of a transcript important for breast cancer progression. Increased 

acetylation of IGF2BP2 promotes degradation of the RNA transcript encoding a catalytic 

subunit of the V-ATPase (ATP6 V1 A), which alters lysosomal function and enhances 

cancer cell invasiveness (Bohnert & Kenyon, 2017). 

In C. elegans, clearance of protein aggregates within germline cells requires 

regulated expression of V-ATPase genes (Zhang et al., 2015). In flies, V-ATPase is under 

the transcriptional control of the microphthalmia-associated transcription factor (MITF) 

family of transcription factors (Martina et al., 2014). Mammalian V-ATPases are 

transcriptionally regulated by TFEB, TFE3 and other MiTF-TFE related transcription 

factors (Pena-Llopis et al., 2011). mTORC1 negatively regulates these transcription 

factors (Pena-Llopis et al., 2011). Interestingly, MITF appears to target a specific subset 

of V-ATPase isoforms (Zhang et al., 2015). The current knowledge in the field is that V-
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ATPase expression might be controlled by selective translation rather than transcription, 

requiring the kinase mTORC1 (Hipolito et al., 2018).   

 

Regulated trafficking 

V-ATPases can be regulated by altering the density of V-ATPases at the plasma 

membrane. Polarized cells such as renal intercalated cells and epididymal clear cells 

traffic V-ATPases from intracellular membranes to plasma membrane in response to 

environmental signals and therefore help to increase or decrease the number of V-

ATPases (Breton & Brown, 2013). These cells when exposed to high pH shows an 

adenylate cyclase dependent increase in bicarbonate uptake and activation of PKA 

(Breton & Brown, 2013). V-ATPases are localized to the apical membrane of these cells 

in response to cAMP, and PKA phosphorylates subunit A (Alzamora et al., 2010; Pastor-

Soler et al., 2008; Paunescu et al., 2010). This PKA-mediated localization of the V-

ATPase can be blocked by AMPK (Hallows et al., 2009). This inhibition of V-ATPase 

accumulation was dependent on subunit A phosphorylation by AMPK in kidney cell 

(Alzamora et al., 2013).  

 

Changes in coupling efficiency 

The coupling efficiency is defined by the number of H+ pumped per ATP 

hydrolyzed. It has been proposed that V-ATPase function can be regulated by changing 

coupling efficiency in different organelle membranes. Wild-type V-ATPases may not be 

optimally coupled as certain point mutations were shown to increase the coupling 
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efficiency (Owegi et al., 2006; Shao & Forgac, 2004). Mutation in non-homologous 

region of subunit A and mutation in subunit d increase the coupling efficiency of V-

ATPase in yeast (Owegi et al., 2006; Shao & Forgac, 2004). A 25% increase in coupling 

efficiency of yeast V-ATPase was observed upon increasing glycolytic flow (Chan et al., 

2016). Previous studies suggested organelles with lower coupling efficiency such as 

Golgi maintain higher luminal pH compared to organelles with highly coupled V-

ATPases like the vacuole (Kawasaki-Nishi, 2001a). This suggests that differential 

expression of V-ATPase isoforms with different coupling efficiency may contribute to 

the pH differences of the organelle. Recent structural study found that the entrance to the 

cytosolic hemichannel in subunit a has a negative surface charge in Vph1, and a positive 

surface charge in Stv1 (Vasanthakumar et al., 2019). However, this study also showed 

ATP hydrolysis in the V1 region is fully coupled to proton transport through the Vo region 

in both Vph1 and Stv1 (Vasanthakumar et al., 2019). Therefore, more studies need to be 

done to evaluate whether this property contributes to the differences in coupling 

efficiency between Vph1 and Stv1 containing V-ATPases. Proton-pumping by the 

synaptic vesicle V-ATPase was recently measured under electrogenic conditions at a 

single molecule level. This enabled the researchers to monitor stochastic fluctuations in 

pumping rates and suggest that the native mammalian-brain V-ATPases do not pump 

protons continuously in time, Instead, V-ATPases switch between three modes that each 

last several minutes: proton-pumping, inactive and proton-leaky (Kosmidis et al., 2022).  

This is in contrast with previous model from bacterial homologues that assumed a strict 

coupling between ATP breakdown and proton pumping (Furuike et al., 2011). 
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Reversible disassembly 

One of the unique features of eukaryotic V-ATPase is its ability to undergo 

regulation by reversible disassembly (Figure 1.3). In this process, the V1 and Vo domains 

of the V-ATPase dissociate reversibly in response to stimuli. Dissociation prevents both 

ATP hydrolysis in the V1 domain and proton pumping in the Vo domain and thereby 

preserve cellular ATP and prevent proton leakage when enzyme activity is not required 

(Couoh-Cardel et al., 2015; Graf et al., 1996; Kane & Parra, 2000; Parra et al., 2000). 

Reversible dissociation was first discovered in the Manduca sexta and in yeast (Kane, 

1995; Sumner et al., 1995). In yeast, V1 and Vo dissociate in response to glucose 

withdrawal but remain intact as two separate sub-complexes except for the removal of 

subunit C from V1 sector (Kane, 1995). Dissociation requires intact microtubules (Xu & 

Forgac, 2001) and active enzyme suggesting the enzyme needs to attain a particular 

conformation to dissociate V1 from Vo. There is evidence suggesting that the subunit C of 

the V1 domain directly interacts with microtubules and comes off more completely 

(Tabke et al., 2014). In yeast, after adding back glucose to glucose starved cells, the 

RAVE complex (Regulator of H+-ATPase of Vacuolar and Endosomal membranes) 

catalyzes the reassembly of both V1 and C with Vo in yeast. Recent studies proposed a 

model for the sequence of events of in RAVE-catalyzed reactions (Jaskolka & Kane, 

2020; Jaskolka, Tarsio, et al., 2021; Jaskolka, Winkley, et al., 2021). In this sequence, 

first, the RAVE complex binds to cytosolic V1 complexes followed by binding of RAVE- 

V1 complex to subunit C. Upon glucose readdition, RAVE is recruited to the vacuolar 

membrane where it binds to Vph1 and catalyzes the functional reassembly of V1 subunit 
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C with Vph1. Free RAVE is then released from the membrane to the cytosol to catalyze 

another cycle of reassembly.  

 These studies have improved our understanding of RAVE interactions with the V-

ATPase and its role in V-ATPase reassembly. However, a number of questions about 

structure and mechanism of RAVE remain unanswered. Our knowledge of how RAVE 

binds its partners and catalyzes reassembly is limited as currently no high-resolution 

structure of RAVE complex is available. More biochemical and structural work will be 

required to address how RAVE influences V-ATPase components; more specifically, the 

function of Rav1-Vph1 interaction and how RAVE- V1 interaction influences the 

interaction between V1 and C. How glucose signals V-ATPase reassembly is also not 

quite well understood. 

Both disassembly and reassembly are rapid in vivo and do not require any new 

protein synthesis (Kane, 1995). In yeast, glucose deprivation increases vacuolar pH and 

glucose re-addition decreases vacuolar pH within 2 min (Tarsio et al., 2011). This 

indicates reversible disassembly adjusts organelle acidification in response to 

extracellular conditions (Jaskolka, Winkley, et al., 2021). 

Glucose availability in yeast activates the Ras/adenylate cyclase/cAMP-dependent 

protein kinase (PKA) pathway which may trigger V-ATPase assembly (Bond & Forgac, 

2008). Interestingly, glucose metabolism generates protons and the resulting decrease in 

cytosolic pH promote PKA activity in a V-ATPase-dependent manner, indicating a 

positive feedback loop may be present between PKA and the V-ATPase in yeast 

(Dechant et al., 2010). Assembly also responds to alterations in extracellular and vacuolar 

pH and extracellular salt concentration (Diakov & Kane, 2010; Li et al., 2014). 
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Figure 1.3: Schematic of yeast V-ATPase regulation by reversible disassembly. Left: 

Fully assembled active V-ATPase capable of coupling ATP hydrolysis to H+ transport 

across membranes. Right: Disassembled autoinhibited V1 and Vo, in response to 

extracellular condition such as glucose deprivation the V1 complex and subunit C release 

from the membrane-bound Vo subcomplex into the cytosol, and both ATP hydrolysis and 

H+ transport are inhibited. Upon glucose readdition, the yeast RAVE complex helps to 

catalyze V-ATPase reassembly and reactivation. 
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While reversible disassembly is mostly studied in response to glucose availability, later 

studies suggested it can occur in many different settings in response to different signals. 

Although first observed in yeast and insects, subsequent studies reported V-ATPase 

dissociation and re-association in various mammalian cell types. Therefore, it is 

considered a general mechanism of regulation V-ATPase activity in eukaryotic cells. 

Mammalian V-ATPases respond to a much more diverse set of stimuli. The exact 

mechanism of how these cells regulate V-ATPase assembly in response to these diverse 

signals is not known. In some cases, assembly is mediated through PI3K signaling. A 

recent study suggests ketone body 3-β-hydroxybutyrate exposure induced V-ATPase 

disassembly in rat/human cardiomyocyte cells (Wang et al., 2022). 

The optimal pH required for proper processing of antigen in dendritic cells is 

achieved by modulating the level of V1- Vo assembly on late endosomes and/or 

lysosomes (Trombetta et al., 2003). Mature dendritic cells have increased proton 

pumping on lysosomal membrane which contributes to more acidic pH in lysosome 

compared to immature lysosome. The increased V-ATPase activity was due to increased 

V1- Vo assembly on lysosomal membrane due to activation of PI3K and mTOR pathways 

(Liberman et al., 2014). In neuroendocrine cells, acidic pH in lumen favors dissociation 

of V1 and Vo domains to aid in exocytosis. At pH 7, V1- Vo was associated on secretory 

granules (Poea-Guyon et al., 2013) 

Renal cells also response to changes in glucose levels but how this response is 

important in cell physiology is not clear (Sautin et al., 2005). In porcine and human 

kidney cell line, long term glucose starvation triggers dissociation and glucose re-addition 
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induced V1- Vo reassembly and reactivation (Nakamura, 2004). Acute glucose 

deprivation increases V-ATPase assembly in lysosome and re-addition of glucose returns 

the assembly to baseline level (McGuire & Forgac, 2018).  

In addition to glucose, amino acid levels have also been shown to regulate V-

ATPase activity. In HEK293T cell line, V-ATPase assembly on lysosomal membrane 

increased upon amino acid starvation (McGuire & Forgac, 2018). Neither mTORC1 nor 

PI3K signaling was required for amino acid dependent V-ATPase regulation. A recent 

study reported that mTORC1 activation is important under amino acid replete condition 

as mTORC1 appears to suppress V-ATPase mediated lysosomal acidification by 

inhibiting V1- Vo assembly (Ratto et al., 2022). mTORC1 inactivation under amino acid 

starved condition increased V-ATPase reassembly and activity and lysosomal proteolysis. 

Epidermal growth factor (EGF) has also been identified as a driver of V-ATPase 

assembly.  Binding of EGF to its receptor induces endocytosis and its signal is sustained 

and amplified in endosome (Balbis et al., 2000; Di Guglielmo et al., 1994). Increased 

level of V1 was recruited to Vo in primary rat hepatocytes in the presence of EGF. 

Consequently, the pH of the lysosome also dropped. V-ATPase activation by EGF may 

help stimulate the availability of amino acid necessary for protein synthesis (Xu et al., 

2012). 

 Viral infection such as Influenza A virus activates ERK/PI3K mediated signaling 

which contributes to increased V-ATPase activity accompanied by decreased intracellular 

pH. Inhibition of virus induced early activation of these kinases decreased V-ATPase 

activity and the acidification of intracellular compartments (Marjuki et al., 2011). 
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Reversible disassembly at subunit structure level 

Many subunit-subunit interactions are rearranged at the V1-Vo interface (Oot et 

al., 2017) upon disassembly. Isolated V1 and Vo are observed to be arrested at distinct 

rotational states by cryo-EM (Khan et al., 2022; Roh et al., 2018; Zhao et al., 2015). In a 

proposed model of disassembly and reassembly-disassembly starts when the holo V-

ATPase is in state 3 (Oot et al., 2017). According to this model, V1 is found to be arrested 

in state 2 while Vo is arrested at state 3. Upon receiving signal for disassembly, the 

ternary interaction of EG-subunit C-aNT is broken (Figure 1.4, shown in red box marked 

as 1). Conformational changes in EG3 release subunit C from the V1 subcomplex into the 

cytosol (Figure 1.4, arrow marked as 2). This sets aNT free to bind to subunit d which in 

turn breaks the HCT-aNT interaction and frees up HCT (Figure 1.4, arrow marked as 3 

and 4). To reach to state 2, central rotor rotates 120° at the cost of hydrolysis of two ATP 

molecule. For Vo to remains in state 3, uncoupling of the V1 central DF rotor from the d 

subunit is required. Once V1 is in state 2, MgADP inhibition begins and A3B3DF 

presents a high-affinity binding site for HCT. With the breakdown of most of the weak 

interactions the complex is destabilized, and disassembly occur. In addition to halting V1 

and Vo at different rotation states, the function of isolated V1 and Vo also needs to be 

autoinhibited. In yeast, the C-terminal domain of V1 H undergoes a 150° rotation which 

positions it near to V1B from its previous binding site in aNT (Figure 1.4, right panel, 

arrow). This conformational change traps ADP at one catalytic site and prevents ATP 

hydrolysis (Oot et al., 2016). In the Vo complex, aNT collapses toward the central stalk 

(Couoh-Cardel et al., 2015), and the c-ring assumes a distinct position relative to the 

membrane domain of the a-subunit (Mazhab-Jafari et al., 2016) (Figure 1.4, arrow).  
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Figure 1.4: Conformational changes in V-ATPase subunits during reversible 

disassembly. Left panel, the ternary interaction of EG-subunit C-aNT at the V1-Vo 

interface is shown in red box and marked as 1. Release of subunit C from the 

V1 subcomplex into the cytosol is depicted by an arrow and marked as 2. The arrow 

marked as 3 shows aNT interaction with subunit d which in turn breaks the HCT-aNT 

interaction. HCT is now free to attain its inhibitory position near V1B, marked as arrow 4. 

Right panel, the two arrow indicates the conformational changes in the dissociated 

autoinhibited V1 and Vo which includes 150° rotation of HCT from its binding site at 

aNT to V1B subunit and collapsed conformation of aNT where it is released from its 

ternary interface with subunit C and EG2 to interact with subunit d. 
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A more recent study proposed that separation of V1 from Vo can occur when the 

holo V-ATPase is either in state 2 or in state 3. (Vasanthakumar et al., 2022). In this 

model, they observed significant conformational changes in isolated V1 specifically in 

subunits H, C, and the peripheral stalks. Peripheral stalks EG1 and EG2 bend to bring 

HCT into contact with peripheral stalk 2. EG3 is also found in a bent position which may 

help to bring subunit C into contact with the central rotor subunits D and F. These 

mismatches in conformation and rotational states prevent spontaneous reassembly of 

V1 and Vo. 

Therefore, for reassembly to occur, the inhibitory conformations in both V1 and 

Vo need to be relieved, all the broken subunit-subunit interactions need to be reformed, 

and the rotational states of V1 and Vo complexes need to be readjusted. Due to these 

complexities, the autoinhibited disassembled V1 and Vo subcomplexes do not readily 

reassemble in vitro.  A comparatively slow reassembly was achieved by using a mutant 

V1 complexes in which subunit H that cannot assume the inhibitory conformation 

(Sharma et al., 2019). RAVE accelerates this reassembly (Jaskolka, Tarsio, et al., 2021). 

But in vivo reassembly occurs within 5 min after glucose re-addition to glucose deprived 

cells (Kane, 1995). These data suggest that cellular factors may be needed for reversible 

disassembly to overcome the barriers in reassembly. In fact, yeast RAVE complex and 

glycolytic enzymes have been associated with reassembly in vivo which will be discussed 

later in detail. 
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Regulation by phosphatidylinositol phosphate (PIP) lipids 

Phospholipids are an essential component of membranes. These amphipathic 

lipids consist of a hydrophilic polar head group and hydrophobic non-polar fatty acyl tail. 

The polar head groups vary in bio-membranes and some of the most common head 

groups are choline, serine, and ethanolamine. One class of phospholipids that help give 

compartments their identity is phosphatidylinositol phosphates. The head group of these 

unique lipids are made of a 6-Carbon inositol ring which bears six hydroxyl functional 

groups that can be phosphorylated in the 3rd, 4th, and 5th positions. Many kinases and 

phosphatases are involved in phosphorylation and dephosphorylation of 

phosphatidylinositol (PI), therefore making a combination of PIP species. The 

phosphorylation status of the PIP head group is readily interchangeable by kinases and 

phosphatases. This enables restricted enrichment of these lipids on particular membrane 

compartments of eukaryotic cells from yeast to human (Figure 1.5). The level and 

distribution of these lipids at different locations are also determined by these lipid 

kinases, phosphatases, and exchange proteins (Balla, 2013; Chung et al., 2015; Stefan et 

al., 2011; Strahl & Thorner, 2007). S. cerevisiae contains three nonredundant kinases that 

synthesize PI(4)P from phosphatidylinositol, namely Pik1, Stt4, and Lsb6 with homologs 

in mammals (D'Angelo et al., 2008). PIK1 and STT4 encode organelle-specific kinases  

(Audhya & Emr, 2002; Audhya et al., 2000; Banerjee & Kane, 2020). Pik1 maintains 

PI(4)P levels at the Golgi whereas Stt4 maintains PI(4)P levels at the plasma membrane 

(Audhya et al., 2000; Walch-Solimena & Novick, 1999). Sac1 is a PI(4)P phosphatase 

that converts PI(4)P to PI in both yeast and mammals (De Matteis et al., 2013; 

Faulhammer et al., 2007). Deletion of SAC1 compromises PI(4)P turnover, resulting in 
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higher intracellular levels of PI(4)P (Roy and Levine, 2004). In contrast, the signaling 

lipid PI(3,5)P2 is present in very low level in late endosomal and vacuolar/lysosomal 

membrane under normal condition in yeast and mammals (Ho et al., 2012; Shisheva, 

2012). Phosphorylation of phosphatidylinositol 3-phosphate (PI3P) produces PI(3,5)P2 

through the action of the conserved PI 5-kinase Fab1p, also known as PIKfyve (Cooke et 

al., 1998; Gary et al., 1998). Fab1p associates with a large complex containing the 

scaffolding protein Vac14p and the Fig4p phosphatase, which converts PI(3,5)P2 back to 

PI(3)P (Botelho et al., 2008; Gary et al., 2002; Jin et al., 2008). Both Vac14p and Fig4p 

must be present for Fab1p function (Botelho et al., 2008; Duex et al., 2006) suggesting 

that PI(3,5)P2 levels are tightly regulated by coordinated activity of lipid kinases and 

phosphatases.   

Mutational studies suggest PIP binding has diverse effects on V-ATPases. The 

Golgi enriched PIP lipid, PI(4)P, appears to help retain Stv1-containing V-ATPases in the 

Golgi, but also activates these V-ATPases in vitro (Banerjee & Kane, 2017; 

Vasanthakumar et al., 2019). Unlike PI(4)P, PI(3,5)P2 does not affect localization or 

retention of vacuolar Vph1 V-ATPases. This is justified by the presence of assembled 

Vo domains at wild-type levels in vacuoles from mutants lacking PI(3,5)P2 (Li et al., 

2014). In vac14 mutants, V-ATPases have reduced activity and assembly, suggesting that 

the low basal level of this lipid is necessary for full V-ATPase activity and PI(3,5)P2 may 

activate the V-ATPase by stabilizing binding of the V1 sector to Vo (Li et al., 2014). 

Under conditions of osmotic or salt stress, increased PI(3,5)P2 level is observed 

(Dove et al., 1997; Duex et al., 2006). This does not happen in mutants that fail to 

synthesize this lipid (fab1Δ and vac14Δ mutants)  
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Figure 1.5. A model for the compartment specific enrichment of PIP lipids in yeast.  

The membrane in grey represents the nucleus and the ER. All other organelles are color 

coded according to the presence of particular PIP lipid species. Plasma membrane (brown 

and black) and the lysosomal membrane (purple and blue) are marked by more than one 

color indicating both of the corresponding PIP lipids are present in the membranes of 

these organelles. The image is created using Biorender. 
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(Bonangelino et al., 2002; Li et al., 2014). PI(3,5)P2 is a vacuole/late endosome enriched 

low level lipid, but its level goes up rapidly and transiently during salt shock 

(Bonangelino et al., 2002) which serves to act as a protective response against 

hyperosmolarity (Jin et al., 2017). The PI(3,5)P2 is synthesized by Fab1 lipid kinase, 

Vac7p and the Vac14p-Fig4p complex (Bonangelino et al., 2002; Botelho et al., 2008; 

Cooke et al., 1998; Gary et al., 2002; Gary et al., 1998; Jin et al., 2008). Increased 

PI(3,5)P2 level is essential for the transient decrease in vacuolar volume in response to 

osmotic shock. Once PI(3,5)P2 levels drop back to basal levels normal vacuole volume 

and morphology are restored (Duex et al., 2006). Furthermore, a nearly twofold increase 

in ATPase activity is observed in wild-type vacuoles during salt shock (Li et al., 2014). 

This salt stress dependent activation of V-ATPase is accompanied by increased level of 

V1 subunits at the vacuolar membrane in wild-type cells and this response is almost 

completely absent in the fab1∆ mutant. There is both functional and biochemical 

evidence for interaction of vacuolar V-ATPases with PI(3,5)P2 which is discussed in 

detail in a later section). Together, these data suggest that V-ATPases respond to salt 

stress in a PI(3,5)P2-dependent manner. 

Vacuolar pH in plants is also regulated by PI(3,5)P2 but it does not increase V-

ATPase activity. Instead, PI(3,5)P2 acts as a negative regulator of the 

anion/H+ exchanger CLC-a,  limiting H+ export from the vacuole (Carpaneto et al., 2017). 

V-ATPase activity is compromised in mutants that lack PI3P. These mutants 

exhibit Vma– growth phenotypes and are defective of quinacrine uptake into the vacuole 

(Sambade et al., 2005). They have only 15–17% of wild-type activity, and reduced levels 

of both V1 and Vo subunits, in isolated vacuolar vesicles.  This suggests that PI3P not 



39 
 

only acts as a precursor for PI(3,5)P2 but also affect transport of the Vo complex to the 

vacuole. 

 

Biosynthesis and early assembly 

Biosynthesis, early assembly, and transport of V-ATPases is tricky because of its 

multiple subunit architecture. Moreover, the combination of membrane proteins and 

peripheral proteins pose extra challenges in these processes. Membrane proteins are 

targeted to their resident organelle membrane through the secretory pathway whereas 

peripheral proteins are synthesized in the cytoplasm. The generation of functional V-

ATPases require the expression of a full set of V-ATPase subunits. In yeast, loss of any 

subunits (except for the a-subunit where Vph1 and STV1 both isoforms must be deleted) 

results in loss of enzyme activity (Manolson et al., 1994). However, loss of any V1 

subunit does not affect the whole cell levels of other V1 or Vo subunits except for subunit 

E and G (Kane et al., 1992). Deletion of subunit G destabilizes subunit E (Tomashek et 

al., 1997). Vo domains in V1 mutants are assembled and targeted correctly (Doherty & 

Kane, 1993). Expression and targeting of Vo subunits were affected by deletion of any 

single Vo subunit but the level of V1 subunits were unaffected (Kane et al., 1992). In the 

absence of Vo domain cells were able to assemble an inactive V1 domain (minus subunit 

C) in the cytosol (Tomashek et al., 1996). Deletion of V1 subunit C resulted in a low level 

of partial complex at the vacuole consisting of Vo and remaining V1 subunits (Doherty & 

Kane, 1993; Ho et al., 1993). An inactive V1 Vo complexes was found at the vacuole in 

the absence of V1 subunit H. Together these studies suggest that V1 and Vo domains could 

be assembled independently. In fact, free V1 and Vo domains are observed in both 
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mammalian cells and yeast cells in vivo (Kane, 1995; Parra et al., 2000). However, from 

subsequent studies it is evident that wild type cells, in which all the subunits are present, 

assemble through concerted assembly of individual V1 and Vo subunits at very early 

stages before full assembly of either complex (Kane et al., 1999). In the absence of any 

subunits, the independent assemble pathway may take over which involve association of 

preassembled V1 and Vo domains (Kane et al., 1999). 

During early assembly, the Vo domain is assembled in the ER, which requires five 

assembly factors: Vma21, Vma22, Vma12, Pkr1 and Vo a1 (Davis-Kaplan et al., 2006; 

Graham et al., 2003; Graham et al., 1998; Malkus et al., 2004; Ryan et al., 2008) Vma21 

binds to Vo subunit c’ and assembles the c-ring. Subunit d then bind to the c-ring. Vo a1 

associates stably with the Vma21-proteolipid complex. A complex of Vma22 and Vma12 

binds to a-subunit to form a second complex in the assembly pathway. Subunits a and e is 

then added to the core Vma21/proteolipid complex followed by the detachment of the 

Vma22/Vma12 complex and Vo a1. When the Vo complex reaches the Golgi, Vma21 is 

recycled back to the ER. Where V1 is assembled with Vo is not clear. It can happen in the 

Golgi or in the ER in a concerted assembly pathway where Vo assembles with individual 

V1 subunits or V1 subcomplexes (Kane, 2006). 

 

1.7 Regulation by a-subunit isoform expression 

a-subunit Isoforms in mammals 

In mammalian cells, a-subunit isoforms are enriched in specific organelles or 

tissues although the specific targeting signals of mammalian a-isoforms have not been 
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determined. The a-subunit is present as four isoforms: a1-a4 in mammals. a1 and a2 are 

primarily found within intracellular membranes, although a1 is also targeted to 

presynaptic plasma membranes of nerve terminals (Bodzeta et al., 2017; Hurtado-

Lorenzo et al., 2006; Morel et al., 2003). a2 appears to be the Golgi isoform but may also 

localize to late endosomes/lysosomes and acidify these organelles, together with a1 

(Hurtado-Lorenzo et al., 2006; Kornak et al., 2008; Zoncu et al., 2011). A compensatory 

function between a1 and a2 has been noted (Zoncu et al., 2011). a3 exhibits intracellular 

distribution in lysosomes, phagosomes, and secretory granules, but also resides on the 

plasma membrane of osteoclasts and is recruited to phagosomes (Matsumoto et al., 2018; 

Sun-Wada et al., 2009; Toyomura et al., 2003). In undifferentiated osteoclast progenitor 

cells, a3 localizes in late endosomes and lysosomes, but lysosomes are trafficked to and 

fused with the plasma membrane in mature osteoclasts (Toyomura et al., 2003). Although 

a1-a3 are expressed in a broad range of tissues, a4 expression is restricted to the kidney, 

epididymis, and inner ear (Oka, Murata, et al., 2001; Pietrement et al., 2006). a4-

containing V-ATPases are localized to the apical plasma membrane of renal intercalated 

cells and epididymal clear cells where they function in urinary acidification and sperm 

maturation, respectively (Oka, Murata, et al., 2001; Pietrement et al., 2006). a3 

expression is increased when the a4 isoform is not present (Hennings et al., 2012). 

 

How differential localization of isoforms affects V-ATPase activity and assembly 

In higher eukaryotes, which isoform undergoes reversible disassembly is less 

defined. Hippocampal neurons and kidney cell lines, which are enriched in a1 and a4, 

respectively, have been reported to undergo reversible disassembly (McGuire & Forgac, 
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2018; Oka, Murata, et al., 2001; Poea-Guyon et al., 2006; Stransky & Forgac, 2015). In 

synaptic vesicles, the a1 isoform readily undergoes reversible disassembly in a pH 

dependent manner (Bodzeta et al., 2017). Loading of neurotransmitters into synaptic 

vesicles requires assembled V-ATPases whereas fusion of synaptic vesicles to 

presynaptic membrane and exocytosis requires disassembled V-ATPase. V-ATPases in 

kidney proximal tubular cells where a4 is enriched reversibly disassemble in response to 

glucose (Sautin et al., 2005). Endosomal/lysosomal V-ATPases in the dendritic and 

alveolar basal epithelial cells also undergo reversible disassembly but little is known 

about the isoform enrichment in these cells (Liberman et al., 2014; Marjuki et al., 2011; 

Toei et al., 2010; Trombetta et al., 2003). Generally, a1/a3 are enriched in these tissues 

suggesting both can reversibly disassemble. a2 isoform is the only isoform that has not 

yet been reported to be regulated by reversible disassembly. 

 

Targeting of yeast a-subunit isoforms 

V-ATPase activity can be regulated by targeting of V-ATPases to different 

organelle membranes. The current model is that isoforms of a-subunit dictate the 

localization and targeting of V-ATPases to specific organelle. A study in yeast using 

combination of Vph1 and Stv1 suggests that the information for targeting resides within 

their N-terminal domain (Kawasaki-Nishi, 2001a). Vph1-containing V-ATPases are 

targeted to the lysosome-like vacuole and traffic through the Golgi/late endosome and 

likely provide some compensatory function there (Finnigan et al., 2012; Gerrard et al., 

2000; Manolson et al., 1992).  
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Stv1 containing V-ATPases are functional homolog of Vph1 V-ATPases and 

localize to the Golgi at a steady state (Manolson et al., 1994). Stv1 co-localizes with the 

late Golgi compartment markers (Kawasaki-Nishi, 2001a). In a sorting mutant that trap 

recycling components in the pre-vacuolar compartment (PVC), a small population of 

Stv1 colocalizes with a PVC marker, whereas a substantial fraction of Stv1 

simultaneously maintains punctate Golgi localization. This suggests that Stv1 is 

predominantly a Golgi protein, and majority of the Stv1 is retained at the Golgi. 

Overexpression of Stv1 complements growth phenotypes of a vph1Δ mutant (Manolson 

et al., 1994). This suggested that excess Stv1 ends up in the vacuole once the trafficking 

machinery is saturated. Golgi proteins localize to the Golgi apparatus both by recycling 

from the endosomes and retention at the Golgi. The Stv1 is mislocalized to vacuole in a 

retromer (endosome to Golgi recycling) knock-out mutant suggesting that a fraction of 

Stv1 escapes from the endosome to the vacuole, unless retrieved back to Golgi (Finnigan 

et al., 2011). This indicates that this fraction of Stv1 undergoes recycling from the 

endosome. However, additional punctate localization of Stv1 was also observed in this 

mutant suggesting endosomal recycling of a minor fraction of Stv1. However, the 

majority of Stv1 is retained in the Golgi. In fact, a W83KYILH sequence was found to be 

important in targeting of Stv1 to Golgi (Finnigan et al., 2012). The Golgi-enriched PIP 

lipid, PI(4)P, is required for Golgi localization of Stv1 and a Stv1 mutant (K84A), which 

fails to bind PI(4)P, mislocalizes to the vacuole (Banerjee & Kane, 2017). The K84 is 

located in the WKYILH Golgi retention signal in Stv1, suggesting that a 

phosphoinositide-based retention of Stv1 helps to localize Stv1-containing V-ATPases at 

the Golgi. The canonical FXFXD motif required for recycling from late endosome to the 
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Golgi is present in Stv1 however, is buried in its structure and does not play a role in 

retrieving back Stv1 from endosome (Finnigan et al., 2012). This again, suggests that 

Stv1 maintain steady state Golgi level largely by retention mechanism than retrieval 

mechanism. However, a recent study suggests clathirin adaptors (AP-1/Ent5) dependent 

recycling is the primary localization mechanism of Stv1 in the Golgi (Casler et al., 2022). 

 

How differential localization of yeast isoforms affect V-ATPase activity and 

assembly 

 Although V-ATPases reside in many cellular compartments, not all V-ATPases in 

the cell would show a similar response to a given stimulus. Consistent with that, the 

degree of dissociation of the V-ATPase in yeast in response to glucose deprivation 

depends upon the isoform present as well as the organelle environment (Qi & Forgac, 

2007). For example, V-ATPase complexes containing Vph1 isoform respond differently 

to glucose starvation than those containing the Stv1 isoforms. Vph1 containing V-

ATPases are more prone to disassembly in absence of glucose than Stv1 (Kawasaki-

Nishi, 2001b), although Stv1 bearing V-ATPases, in general, are less assembled when at 

the vacuole (Qi & Forgac, 2007). Stv1 V-ATPases do not dissociate in response to 

glucose deprivation in their normal intracellular location (Kawasaki-Nishi, 2001b). Vph1 

containing V-ATPases trapped in earlier compartments show less dissociation (Qi & 

Forgac, 2007).  One can argue that Stv1-containing complexes are already so little 

assembled that any further dissociation of this complex is not possible. However, even 

with their similarly low levels of assembly in both the Golgi and the vacuole, Stv1 V-
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ATPases can still disassemble when localized to the vacuole (Kawasaki-Nishi, 2001b). In 

general, Golgi V-ATPases may be less active compared to vacuolar V-ATPases.  

Stv1-containing complexes when present in vacuole showed a 4–5-fold lower 

coupling efficiency than Vph1-containing complexes (Kawasaki-Nishi, 2001b). V-

ATPases carrying Vph1 are more responsive to inhibition by concanamycin A (ConA) 

than those carrying Stv1, possibly because they are better assembled and coupled. 

However, a more recent study found similar response of V-ATPases containing Vph1 and 

Stv1 to ConA (Vasanthakumar et al., 2019) 

 The ability to maintain the assembled state in absence of glucose may hint any 

indispensable function that is served by Stv1 V-ATPases. Another possible implication of 

less assembled Golgi Stv1 V-ATPases is that the free Vo domains generated due to 

decreased assembly may contribute to the membrane fusion events happening in Golgi. 

In yeast, homotypic vacuole fusion studies observed Vo domain playing a direct role in 

membrane fusion (Peters et al., 2001).  

 

a-subunit isoforms in other organisms 

Other eukaryotes also encode multiple a-subunit isoforms. For example, like 

mammals, Caenorhabditis elegans and mice have four isoforms of a-subunit (Oka, 

Toyomura, et al., 2001) (Oka, Murata, et al., 2001; Toyomura et al., 2003). Paramecium 

tetraurelia has seventeen isoforms which is the highest number of isoforms reported so 

far in the a-subunit (Wassmer et al., 2006). These exceptionally large number of a-

subunit isoforms allow a perform high degree of specialization in the subcellular 
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localization and regulation of the V-ATPase. Surprisingly, unlike yeast isoforms, 

information for targeting resides in the aCT domain in Paramecium. However, 

differential localization does not always preclude functional redundancy. In Arabidopsis, 

a1 is localized to the trans Golgi network/early endosome whereas a2 and a3 are localized 

to the tonoplast (Lupanga et al., 2020). Apart from its housekeeping function in 

development of male gametophyte a1 has also been reported to act redundantly with the 

tonoplast isoforms during vegetative growth (Lupanga et al., 2020). Pathogenic Candida 

albicans has both Vph1 and Stv1 isoform (Patenaude et al., 2013) 

Surprisingly, unlike most eukaryotes, some species encode only a single isoform 

in the a-subunit. For example, in slime mold Dictyostelium discoideum, the only V-

ATPase complex is present in both the endolysosomal and contractile vacuole systems. 

However, the precise mechanism of how a single isoform could traffic to multiple 

organelles is not understood (Clarke et al., 2002; Liu & Kane, 1996). Phylogenetic study 

suggested fungi S. pombe and Neurospora crassa both have a single a-subunit gene 

(Finnigan et al., 2011). V-ATPase functions within the various organelles of the secretory 

pathway in S. pombe, including the vacuole (Iwaki et al., 2004; Okorokov et al., 2001). In 

N. crassa the V-ATPase localizes to both vacuolar structures and novel organelles within 

the hyphal tip (Bowman et al., 2009). 

Acidification of multiple cellular compartments in eukaryotes with only one V-

ATPase complex require specialization of a single V-ATPase enzyme and distribution 

among multiple cellular compartments. The mechanisms governing the assembly, 

transport, and function of the V-ATPase enzyme these organisms are not well 

understood. Characterization of the common ancestor of a-subunit-Ancestral a (Anc.a) 



47 
 

within budding yeast provides some insights into some of these mechanisms. A 

duplication event within fungi gave rise to two a-subunit genes. Using ancestral gene 

reconstruction approach, the Stevens lab was able to generate the most recent common 

ancestor of Vph1 and Stv1 and test its function in S. cerevisiae (Finnigan et al., 2011). 

They observed that Anc.a localized to both the Golgi/endosomal network and vacuolar 

membrane. Acidification of both of these compartments was also noticed. Interestingly, 

for Golgi localization, Anc.a did not require the modern-day retrograde transport to be 

retrieved from the late endosome to the Golgi. Rather, it traffics slowly along the 

anterograde pathway and acidified both compartments en route to the vacuole.  

 

1.8 Structural features of a-subunit isoforms 

All a-subunit isoforms share similar primary and secondary structure. The a-

subunit is the largest V-ATPase subunit with a molecular mass of 100 kDa (Manolson et 

al., 1992). Yeast Vph1 and Stv1 are homologous proteins with 54% identity and 71% 

similarity in primary structures (Manolson et al., 1992; Manolson et al., 1994). The open 

reading frame of Vph1 encodes an 840 amino acid polypeptide with a predicted 

molecular mass of 95.6 kDa and is the first of the two isoforms to be discovered and 

cloned. Stv1 has extra 6 kDa insertions in the amino-terminal region at residues 155-185 

and residues 224-239. The differences between the two sequences may contribute to 

uniqueness in  
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Figure 1.6: aNT domain as a regulatory hub: A. Alignment of Vph1NT (blue, 7FDA) 

and Stv1NT (orange, 6O7U) from previously determined cryo-EM structures showing 

highly conserved structure of yeast isoforms (Khan et al., 2022; Vasanthakumar et al., 

2019). B. Regulatory interactions with indicated V1 subunits in the proximal and distal 

end of aNT domain, adapted from (Oot & Wilkens, 2012) C. D. Structural rearrangement 

of a-NT upon disassembly. C. Peripheral conformation of aNT domain (blue) in the 

active V-ATPase, only Vo region is shown for simplicity. D. In the isolated inactive Vo 

region, the aNT (blue) undergoes a large conformational to bind the central rotor subunit 

d (purple), C and D are adapted from (Khan et al., 2022; Vasanthakumar et al., 2019). 
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regulatory properties including differential regulation and distinct cellular locations. a-

subunit isoforms in higher eukaryotes are 47-61% identical at the amino acid level which 

is similar to the homology between Vph1 and Stv1. The overall homology between 

mammalian isoforms is ~50%. 

All a-subunit isoforms appear to consist of a similar bipartite secondary structure 

with the cytosolic amino-terminal (aNT) domain and integral membrane bound carboxy-

terminal (aCT) domain. The aNT domain is an extended structure of ~45kDa molecular 

mass and divided into two globular sub-domains, joined by a coiled coil domain, 

resembling a dumbbell. The globular ends  are called proximal end which is adjacent to 

the first transmembrane helix and distal end which is at the other end of the coiled coil. 

Despite similarities in structures the two isoforms exhibit distinct regulatory properties 

(Figure 1.6A). There are non-conserved loops which could neither be structured by the 

Phyre2.0 prediction tool due to lack of homology nor resolved well in the cryo-EM 

structure (Figure 1.6A) (Kelley et al., 2015; Vasanthakumar et al., 2019). These flexible 

non-conserved stretches could be potential regions where information for unique 

properties, such as targeting, assembly and coupling of the holo-V-ATPase enzyme 

resides. In fact, a number of regions within these loops have previously been implicated 

in distinct PIP lipid binding (Banerjee et al., 2019; Banerjee & Kane, 2017). 

The aCT domain of is composed of eight transmembrane helices with helices 1 to 

6 traverse the membrane vertically while the last two helices are tilted relative to the 

plane of the membrane (Roh et al., 2018; Vasanthakumar et al., 2019). Protons are 

translocated through two half-channels and the c-ring, (discussed previously in the 

mechanism of rotation section). The cytoplasmic hemichannel is formed by the 4th, 5th, 
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7th, and 8th helices whereas the luminal cavity is formed by helices 3rd, 4th, 7th, and 8th. 

The luminal cavity is guarded by helix 7 and 8 where aCT interacts with the c-ring. 

Importantly, R735 and R799, two essential and conserved residues, together with other 

conserved basic residues, form a salt-bridge dependent physical separation between the 

cytoplasmic and luminal hemichannels. The separation between the two channels within 

aCT prohibits ungated H+ transport. Negatively charged residues bear critical importance 

for H+ transport. Highly conserved stretches of polar and charged amino acids such as 

glutamate are present at this junctional interface of aCT and c-ring, which are also 

essential for correct H+ transport (Roh et al., 2018; Toei et al., 2011).  

The residues that are essential for V-ATPase function are conserved in both a-

subunit isoforms. However, striking differences were observed between electrostatic 

surface charges near the cytoplasmic half-channels of Vph1 and Stv1 (Vasanthakumar et 

al., 2019). Vph1 has a more negatively charged surface in this region than Stv1. These 

residues are not present in Stv1. Rather, the opening of the cytoplasmic half-channel in 

Stv1 has a more positively charged residues which are not conserved in Vph1. These 

regions fall in the unmodeled cytosolic loop which exhibits lowest sequence similarity 

between Vph1CT and Stv1CT, suggesting that it may have a role in the functional 

differences between the isoforms. The strong negative charge in Vph1CT may enhance 

proton translocation activity relative to Stv1 by increasing the local concentration of H+, 

and therefore, may influence proton pumping and thus explain the lower ATPase activity 

observed for Stv1 V-ATPases. 

Some portions of the aCT domain appear to present in the cytosol. A short region 

after the helix 8 (aa. 809-831) is oriented to the cytosol as shown in the structure. Other 
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regions of aCT domain especially those that are located between the helices likely have 

cytosolic orientation. Vph1 could functionally tolerate large fusion such as GFP in its CT 

domain and this Vph1-GFP construct was susceptible to protease treatment (Urbanowski 

& Piper, 1999). Evidence of cytosolic orientation of aCT domain also came from the 

interaction of this region with PFK-1 (Su et al., 2003). The tether that links the aNT with 

aCT in the membrane spans residue 362–407 and is predicted to be mainly coiled (Ediger 

et al., 2009). There are 56% similarity and 37% identity in this tether region between 

yeast and mouse isoforms. The tether of Vph1 is necessary for V-ATPase function as the 

tether-less vph1 mutants cannot assemble V1 and Vo resulting in free cytoplasmic V1 and 

vacuolar membrane-bound Vo that lacks subunit d. (Ediger et al., 2009)  

 

1.9 The aNT domain: a regulatory hub 

Regulatory interaction with V1 subunits 

 The aNT domain is considered a major regulatory hub of V-ATPase for several 

reasons. It is positioned at the interface of the V1 and Vo subcomplexes and interacts with 

V1 subunits at two distinct stator stalks (Figure 1.6B). The recent structures of Vph1- Vo 

and Stv1- Vo suggest that due to this critical positioning aNT undergoes significant 

conformational changes between intact active enzyme vs isolated inactive enzyme 

(Figure 1.6C, D) (Stam & Wilkens, 2017; Vasanthakumar et al., 2019). These 

differences affect both proximal and distal ends. In the V-ATPase holoenzyme, both 

proximal and distal end adopt a peripheral extended structure where the proximal end of 

aNT binds to one of the stalks, EG1 and H-CT, and the distal end of aNT binds to another 
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stalk, EG2 and foot domain of C- subunit. Amino acid residues in the aNT domain that 

are in close proximity to peripheral stalk subunits have been identified in cross linking 

and mutational study (Qi & Forgac, 2008). Three sites within this domain (G181, S266, 

and Q369) are important for subunit G crosslinking whereas subunit E crosslinks to one 

of these sites (Q369) as well as two additional sites (A347 and A351) (Qi & Forgac, 

2008). In the dissociated enzyme, both the proximal and distal end of aNT attain a more 

compact conformation where they are collapsed toward Vo -d subunit. The atomic model 

and mutagenesis study revealed residues important for aNT-d interaction; this interaction 

is only seen in free Vo. Interaction between aNT and subunit d is mediated via two 

distinct sites near the proximal and distal lobes of aNT. The distal end contact sides are 

mediated by residues 242–256 of Vph1 which may also be involved in binding with 

subunit C. The proximal end contact site was less well defined. Mutation in the conserved 

charged residues (K247, R250, K251 and E254) on the short helix in the distal domain of 

aNT disrupts the aNT-d interaction. All these interactions are micromolar range, low 

affinity interactions that need to break down and reestablish during reversible 

disassembly (Oot et al., 2017). A critical step to reassemble the enzyme would be 

readjusting the position of the aNT domain to an assembly competent conformation. 

Regulatory interactions with cellular factors may help adopt this conformation some of 

which are discussed in the next few sections. 

 

Regulatory interaction with many cellular factors 

V-ATPases can be regulated by interactions with many regulatory proteins. 

Consistent with that, a-subunit harbors many different regulatory interactions in its NT 
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domain. These include neuronal proteins, microfilaments, glycolytic enzymes such as 

phosphofructokinase and aldolase, ARNO and Arf6, RAVE complex and PIP lipids. 

 

Glycolytic enzymes: V-ATPase assembly levels are linked with glycolysis. The 

evidence for that came from a previous observation that like glucose, other fermentable 

carbon sources such as, mannose and fructose trigger reassembly (Parra & Kane, 1998). 

However, V-ATPases did not reassemble in presence of raffinose, galactose, glycerol and 

ethanol (Parra & Kane, 1998). When glucose was replaced by nonmetabolizable glucose 

analogue 2-deoxyglucose no reassembly occurred (Parra & Kane, 1998).  

The glucose signaling for V-ATPase assembly is different from many previously 

characterized pathways. Many glucose-dependent processes in yeast sense the level of 

glucose 6-phosphate but V-ATPase assembly requires further metabolism of glucose 

beyond formation of glucose-6-phosphate (Parra & Kane, 1998). Together, these findings 

indicate that glucose is not a direct effector of V1- Vo assembly. 

Aldolase and phosphofructokinase (PFK) are two glycolytic enzymes that 

regulate V-ATPase assembly and may possibly sense glucose/metabolic rate, upstream of 

V-ATPase. Direct physical connections between glycolytic enzymes and V-ATPase 

subunit are important in regulating V-ATPase activity. In yeast, the glycolytic enzyme 

aldolase binds to and stabilizes V1- Vo complexes (Lu et al., 2007). In addition to yeast, 

aldolase associates with plant (Konishi et al., 2004), and mammalian (Merkulova et al., 

2011) V-ATPases. Lu et al. have found that the glycolytic enzyme aldolase binds directly 

to the yeast V1 subunits- B and E and the a4NT domain aa (1-389) of the Vo sector and 



54 
 

regulates V-ATPase assembly, protein expression, and activity by physical association 

with the proton pump (Lu et al., 2004). Disruption of Aldolase -V-ATPase interaction in 

yeast leads to a Vma- phenotype highlighting its essential role in V-ATPase assembly. 

Aldolase mutants also had low activity. Complementation with aldolase could rescue V-

ATPase assembly and function. When catalytic activity of aldolase was disrupted, the 

assembly level of V1- Vo was not affected. Therefore, effects of aldolase on V1- Vo 

assembly are a result of direct interaction with V-ATPase subunits, but not its catalytic 

activity.  

However, the authors did not distinguish whether the V-ATPase structure and 

function are directly affected because of aldolase mutation or indirectly affected because 

of glycolytic flux. This is an important point, because poor glycolysis in the aldolase 

mutant might mimic a glucose deprivation condition and thus induce V-ATPase 

disassembly indirectly.  

PFK1 is another glycolytic enzyme that catalyzes the third step of glycolysis 

where it utilizes ATP to drive the conversion of fructose-6-pohosphate to fructose-1,6-

bisphosphate. Although linked to aldolase, the role that PFK1 play in modulating V-

ATPase activity is different from that of the aldolase.  

In yeast, PFK1 is composed of two heterotetramers- Pfk1p and Pfk2p (Banaszak 

et al., 2011). Deletion of Pfk2p reduced downstream glycolytic intermediates 

significantly more than Pfk1p (Heinisch, 1986). Loss of one subunit did not inhibit the 

binding of the other subunit with V-ATPase suggesting both contain binding sites for V-

ATPase. In human renal cells, PFK-1 binds the C-terminus of a4 (a4-CT) within the last 

45 amino acids (796–840) (Su et al., 2003). PFK-1 also binds to the C-terminus of a1 
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subunit (Su et al., 2003). The binding sites have not been identified in yeast. But of the 45 

amino acids in the a4-CT, the first 23 are identical in the a1 and a4 isoforms, and it is 

therefore likely that this region contains the binding domain. Pairwise alignment suggests 

yeast isoform Vph1 has significant similarities in this region with human a1 isoform. 

Loss of either Pfk subunits did not alter V-ATPase assembly in yeast but reduces proton 

pumping at steady state (Chan & Parra, 2014). Deletion of Pfk2 results in 50% reduction 

in glucose mediated reassembly. In pfk2Δ cells, RAVE-V1 binding is enhanced which is 

interesting, but its functional importance is not known. Presumably, Pfk2 is necessary for 

normal RAVE functions as it may pass the glucose signal to RAVE, initiating RAVE-V1 

dissociation and subsequent V1- Vo reassembly (Chan & Parra, 2014). Interestingly, 

increasing the steady state glucose concentration restored reassembly. The exact 

mechanism of how PFK modulates V-ATPase regulation has yet to be pursued.  

 

Arf6-ARNO: The small GTPase Arf6 and its cognate GDP/GTP exchange factor 

(GEF) ARNO (ADP-ribosylation factor nucleotide site opener) are involved in the 

regulation of endocytosis (D'Souza-Schorey et al., 1995; Donaldson, 2003). V-ATPase 

mediated acidification is essential for the recruitment of the small GTPase ARNO from 

cytosol to endosomal membranes (Maranda et al., 2001). (Marshansky et al., 2002). By 

sensing the endosomal pH through the aCT domain, V-ATPase passes this information 

through the cytosolic aNT domain to Arf6 and ARNO (Hurtado-Lorenzo et al., 2006). 

Subsequently, ARNO is recruited to its binding site in a2, and Arf6 interacts with 

proteolipid c-subunit of V-ATPase. Loss of V-ATPase activity disrupts both endosomal 

acidification and V-ATPase interaction with ARNO/Arf6 which results in defective 
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recruitment of Arf6, and ARNO followed by impaired endocytosis (Hurtado-Lorenzo et 

al., 2006). In addition to the a2 isoform, a1-, a3- and a4-isoforms have also been shown 

to interact with ARNO (Merkulova et al., 2011). A later study reported that the 

interaction between the a2-subunit of V-ATPase and ARNO is a complex process 

involving various binding sites on both proteins (Merkulova et al., 2010). Homology 

modeling reveals the existence of two ARNO binding sites located on the distal and 

proximal lobes of a2NT. The Sec7-domain of ARNO is a major interaction site on the 

proximal lobe of a2NT, whereas its PH-domain of ARNO binds to the distal lobe of aNT.  

Structural studies suggest that the two ARNO binding sites are in a close proximity to 

two EG binding sites on a-subunit but are not identical (Marshansky et al., 2019). 

Therefore, these ARNO binding sites are likely to be accessible in the assembled enzyme 

and help recruit ARNO and possibly interact with intact V-ATPase complex. Intact S. 

cerevisiae V-ATPase interacts with a truncated form of ARNO (Hosokawa et al., 2013). 

The binding of ARNO to a2 may compromise the stability of interaction between the a2-

subunit and the EG peripheral stalks. Thus, the acidification-dependent recruitment of 

ARNO to V-ATPase is most likely involved in regulating disassembly of intact V-

ATPase complex as suggested by the structural models (Marshansky et al., 2019). 

 

Microfilaments: V-ATPase interaction with the cytoskeleton was first reported in 

1997 (Nakamura et al., 1997). Osteosclerotic mice harbor a mutation in the a3-subunit 

(Scimeca et al., 2000). This study showed that V-ATPases in these mice did not interact 

with cytoskeleton. As a result, they are unable to recruit V-ATPases to the ruffled border 

membrane. This finding functionally linked a3 to the cytoskeleton interaction. A direct 
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interaction between V-ATPase and microfilaments was detected in osteoclasts and 

reconstituted using isolated kidney V-ATPases (Lee et al., 1999). However, later studies 

showed B-subunit of V-ATPases also contains a high affinity microfilament binding site 

(Holliday et al., 2000).  

 

RAVE complex: Yeast RAVE complex is an isoform specific assembly factor 

which is required for the reassembly of Vph1 containing V-ATPases (Figure 1.7). It is 

composed of Rav1, Rav2, and Skp1, with Rav1 as the central component. Rav1 acts as a 

scaffold that binds to both Rav2 and Skp1, as well as subunits E, G, C, and aNT. It was 

first reported by Seol et al. as an interacting partner of Skp1 and more interestingly, they 

found that V1 subunits coprecipitated with the RAVE complex (Seol et al., 2001). The 

lack of RAVE function results in kinetic delay in the recruitment of V1 to the vacuolar 

membrane along with significantly reduced acidification of vacuoles (Seol et al., 2001). 

Since then, many characterizations have been performed in our lab which suggest that 

RAVE complex not only interacts with V-ATPase subunits but is also important for V-

ATPase assembly and acidification of the vacuole (Smardon et al., 2014; Smardon et al., 

2002).  

When mapping the interactions of RAVE and V-ATPase, RAVE complex was 

found to interact with all three parts of the V-ATPase that are separated during reversible 

disassembly: the V1 complex via the EG stalk, subunit C, and membrane bound Vo. 

Vph1-Vo interacts with RAVE where the NT domain of the Vph1 participate in this 

interaction (Figure 1.7). Consistent with its isoform specific function, this interaction 

appears to be isoform-specific. The cytosolic N-terminal domain of the Vph1 isoform  
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Figure 1.7: RAVE subunit Rav1 has a binding site for Vph1NT: The yeast 

RAVE complex catalyzes the reassembly of Vph1-V-ATPases. RAVE consists of 3 

subunits: Rav1, Rav2 and Skp1. The binding site for the N-terminal domain of Vph1 is 

present in the the central RAVE subunit Rav1, Rav1 (aa. 679-898). 
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(Vph1NT) interacts with fragments from the center of Rav1 (amino acids 679–898), both 

in two-hybrid assays and in pull-downs of expressed fragments (Smardon et al., 2014; 

Smardon et al., 2015) (Figure 1.7). Loss of this interaction results in loss of RAVE 

dependent membrane recruitment (Jaskolka & Kane, 2020). More precisely, using 

chimeric aNT construct we have shown in chapter 2 that the proximal end of Vph1NT 

has the information for RAVE binding. RAVE recruitment to membrane is independent 

of its V1 interaction but requires Vph1 containing Vo subcomplexes (Jaskolka & Kane, 

2020). A six amino acid conserved motif within the Rav1 fragment (679-898) is required 

for the recruitment of RAVE to the vacuolar membrane in vivo (Jaskolka & Kane, 2020). 

The RAVE complex likely promotes V-ATPase assembly in the presence of glucose by 

bringing the V1 and Vo regions into close proximity with each other and orienting them 

appropriately (Smardon et al., 2015).  

STV1 overexpression suppress the growth phenotypes of a rav1∆ mutant 

(Smardon et al., 2014). This suppression does not depend on the presence of Vph1, 

because poor growth of a rav1∆vph1∆ mutant can also be suppressed by overexpression 

of Stv1. This result suggests that Stv1-containing V-ATPases can assemble and function 

in the absence of RAVE. In addition to that in chapter 2, we have shown that Stv1NT 

exhibits no interaction with the Rav1 fragments.  

 

PIP lipids: The V-ATPase a-subunit has compartment-specific isoforms and these 

compartments have specific PIP enrichments. Previous studies in our lab suggests that 

PIP lipids interact with a-subunit isoforms (Banerjee et al., 2019; Banerjee & Kane, 2017; 

Li et al., 2014). Surprisingly, from primary sequence analysis and structural studies it is 
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clear that none of the canonical PIP binding sites are present in any of the a-subunit 

isoforms. Membrane proteins without canonical PIP binding domains, often bind to PIPs 

with the help of positively charged residues, sometimes facilitated by nearby aromatic 

residues (Baskaran et al., 2012; Lemmon, 2008; Lenoir et al., 2015). Homology models 

of Vph1NT and Stv1NT were used to identify basic amino acids that are predicted to be 

cytosolically exposed. Sequence comparison reveals basic amino acids that are conserved 

among closely related fungal species but not conserved in opposite isoform and flanked 

by aromatic amino acid residues (Banerjee & Kane, 2017). Basic amino acid residues 

help binding by forming salt bridges with the PIP headgroup and aromatic amino acids 

interact with the lipid bilayer (Baskaran et al., 2012). Distinct residue in the proximal end 

unconserved loops of Stv1NT were identified based on these criteria that are found to be 

required for Stv1 binding in vitro and in vivo (Banerjee & Kane, 2017). Similarly, a 

stretch of sequence in the distal end unconserved loops of Vph1NT was required for 

PI(3,5)P2 binding (Banerjee et al., 2019).  These interactions act as organelle-specific 

inputs to regulate V-ATPase activity and/or localization in organelle specific manner.  

 

Vph1NT binding to PI(3,5)P2: At steady state, PI(3,5)P2 represents only 0.1% of 

total cellular PIP lipids in yeast (Dove et al., 1997; Jin et al., 2016). This signaling lipid 

despite its low abundance, has giant impacts on various physiological processes such as 

vesicular trafficking and protein sorting (McCartney et al., 2014; Strahl & Thorner, 

2007). In yeast, mutants that are unable to make PI(3,5)P2 have enlarged vacuoles and 

show a defect in vacuolar acidification (Gary et al., 1998). Vacuolar pH measurement 

using a ratiometric fluorescence dye indicated a pH of 7 in fab1∆ compared to pH of 6 in 
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wild-type cells (Yamamoto et al., 1995). fab1∆ and vac14∆ cells showed 50% less V-

ATPase activity and proton pumping in isolated vacuolar vesicles (Li et al., 2014). Along 

with that, these mutants also have low levels of V1 subunits in vacuolar membrane. In 

wild type cells, both V-ATPase activity and assembly are increased under conditions 

(such as salt stress) when PI(3,5)P2 levels transiently go up. But this response was totally 

absent in vacuoles from vac14∆ cells. These data suggested that PI(3,5)P2 is not 

absolutely required for V-ATPase assembly or activity but is required for full activity and 

for activation in response to osmotic challenge. There is functional evidence that 

Vph1NT may bind PI(3,5)P2 in vivo. The Vph1NT-GFP was cytosolic in wild-type cells 

but recruited to membranes in a PI(3,5)P2 dependent manner. Vph1NT-GFP, in which 

the C-terminal region of Vph1 is replaced with GFP, could not rescue the vph1 deletion 

phenotype, and both V1 and Vo subunits are absent from the vacuolar membrane when 

this construct is expressed. The Vo domain could not assemble properly in absence of 

aCT domain (Kane et al., 1992) and the V1 sector does not bind to Vph1NT (Diab et al., 

2009). Therefore, these data suggested that Vph1NT can bind to PI(3,5)P2 independent 

of other subunits. 

Direct in vitro binding of Vph1NT with PI(3,5)P2 was not observed in any of the 

lipid binding assays which perhaps reflects the regulatory nature of this interaction and 

the weak affinity of Vph1 for PI(3,5)P2. However, biochemical characterization of V-

ATPase was performed in isolated vacuolar vesicles by short chain lipids (Banerjee et al., 

2019). Both ATPase and proton pumping activity of wild-type vacuolar vesicles was 

activated by PI(3,5)P2. However, short chain PI(4)P and PI(3)P failed to activate 

vacuolar V-ATPases. Mutations in both the proximal and distal domains unconserved 
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flexible loop of Vph1NT were designed based on the above-mentioned criteria- K77KH 

in the proximal domain and K231TREYKHK in the distal domain of Vph1NT. Basic 

amino acid residues were mutated to alanine-A77AA in the proximal domain, 

A231TAEA, and A236AA in the distal domain. As wild type Vph1NT binds poorly to 

PI(3,5)P2 in vitro, these mutations were introduced into full-length Vph1 and then tested 

for assembly, V-ATPase activity, and PI(3,5)P2 mediated activation. Among the three 

sets of mutations, two distal domain mutants of Vph1NT could not activate V-ATPases in 

isolated vacuolar vesicles upon PI(3,5)P2 addition, although basal activity was 

maintained in these mutants (Banerjee et al., 2019). These data suggested that this region 

may provide a binding site for PI(3,5)P2. 

Excess V1 and Vo sectors are observed in wild-type cells (Kane, 1995; Parra et al., 

2000). The increased level of PI(3,5)P2 that is produced under conditions of stress (salt, 

alkaline pH) might bind to the excess Vph1- Vo and could activate the holo-enzyme 

activity by stabilizing the partially dissociated or loosely assembled complex that has lost 

assembly competency and therefore adopted conformational features of free Vo 

subcomplexes (Li et al., 2014). 

 

Stv1NT binding to PI(4)P: PI(4)P is enriched in the Golgi where Stv1 isoform is 

localized at steady state. Our lab has previously shown that Stv1NT is cytosolic but it 

could localizes constitutively to puncta when Golgi PI(4)P level was increased and this 

localization was decreased in a mutant that lack Golgi PI(4)P, suggesting Stv1NT binds 

to PI(4)P in vivo (Banerjee & Kane, 2017). Direct in vitro interaction of Stv1NT was 

observed with PI(4)P in PIP blots and in liposome flotation assays. Based on the above-
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mentioned criteria, potential PIP binding residues were designed. Substitution of a lysine 

(K84) residue with alanine in the proximal domain of Stv1NT results in loss of flotation 

of Stv1NT with PI(4)P containing liposomes in vitro. The K84 residue had been 

previously characterized as Golgi retention signal in Stv1 (Finnigan et al., 2012). When 

introduced in the yeast genome the Stv1 K84 mutant cells was mislocalized to the 

vacuole. A similar effect was seen for Stv1 V-ATPases in a mutant that cannot make 

Golgi PI(4)P, suggesting that loss of PI(4)P binding affects Golgi retention of V-

ATPases. In a recent study, addition of PI(4)P resulted in an almost 2-fold increase in 

activity of Stv1 V-ATPases (Vasanthakumar et al., 2019). These data indicate that PI(4)P 

is important for localization and activity of Stv1 V-ATPases 

The structures of a-subunit isoforms are highly conserved. Therefore, these 

structural features from the above-mentioned experiments can be applied to other V-

ATPases. The PIP specificity of human isoforms is not well defined. With recent high 

resolution structural information of V-ATPases from higher eukaryotes it should be 

possible to identify potential PIP binding regions in human isoforms. The strategy of 

predicting potential binding sites, testing in vitro binding and physiological relevance of 

these interaction can be incorporated in human isoforms to identify the PIP specificity of 

human isoforms. The Golgi a2 isoform binds to PI(4)P in flotation assay despite lack of 

equivalent K84 site, suggesting other areas of the protein support binding. Consistent 

with that, in chapter 2, we have shown that, other sequences in the proximal end and 

distal end domain can also promote PI(4)P binding and K84 is not only a major binding 

site in Stv1NT for PI(4)P interaction but also sufficient to acquire PI(4)P binding of 

Vph1. The detailed mechanism of  PIP lipids dependent activation of V-ATPases is not 
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well understood, but it is evident from yeast experiments that PIP lipids modulate V-

ATPases activity in many ways from its fundamental role in organelle identity to stress 

response (Banerjee & Kane, 2020). 

 

1.10 Dissertation goal: 

It is clear from above-mentioned evidence that there are many mechanisms of 

regulation of V-ATPase and a lot of them target the aNT domain. The overall goal of this 

work is to dissect two of the regulatory mechanisms in yeast as there are only two 

isoforms. To address this goal, first, we aimed to better understand where the regulatory 

information resides in the yeast V-ATPase a-subunit isoforms. The NT domain of a-

subunit act as a major regulatory hub where many sets of regulatory interactions with V1 

domain and with cellular factors reside and these interactions have been observed to 

modulate V-ATPase functions. We have analyzed and dissected the aNT domain to 

identify where two of the major regulatory interactions, RAVE and PIP lipids, present in 

the a-subunit. Construction of chimeric aNT domains by combining parts of different 

yeast isoforms enabled us to narrow down binding regions of aNT through in vitro 

assays. When expressed in yeast as part of the full-length enzyme, we were able to 

characterize the biochemical properties and functionality of the chimeric constructs. Then 

we analyzed how the information present in the aNT domain are integrated to control V-

ATPase activity during cellular adaptation to stress. Our results indicate that it is possible 

to generate functional V-ATPases with altered regulatory properties. It also provides 

insights into the mechanism and underlying balance of isoform-specific regulation.  
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2.1 ABSTRACT 

 V-ATPases are highly regulated, multi-subunit proton pumps that acidify 

organelles. The V-ATPase a-subunit is a two-domain protein containing a C-terminal 

transmembrane domain that participates in proton transport and a N-terminal cytosolic 

domain (aNT) that acts as a regulatory hub, integrating environmental inputs to regulate 

assembly, localization, and V-ATPase activity. Tissue- and organelle-specific a-subunit 

isoforms exist in most organisms, but how regulatory inputs are decoded by aNT 

isoforms is unknown. The yeast S. cerevisiae encodes only two organelle-specific a-

isoforms, Stv1 in the Golgi and Vph1 in the vacuole. Based on recent structures, we 

designed chimeric yeast aNTs in which the globular proximal and distal ends are 

exchanged. The Vph1 proximal-Stv1 distal (VPSD) aNT chimera binds to the glucose-

responsive RAVE assembly factor in vitro but exhibits little binding to PI(3,5)P2. The 

Stv1 proximal-Vph1 distal (SPVD) aNT lacks RAVE binding but binds more tightly to 

phosphoinositides than Vph1 or Stv1. When attached to the Vph1 C-terminal domain in 

vivo, both chimeras complement growth defects of a vph1∆ mutant, but only the SPVD 

chimera exhibits wild-type V-ATPase activity. Cells containing the SPVD chimera adapt 

more slowly to a poor carbon source than wild-type cells but grow more rapidly than 

wild-type after a shift to alkaline pH. This is the first example of a “redesigned” V-

ATPase with altered regulatory properties and adaptation to specific stresses. 
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2.2 INTRODUCTION  

The intracellular compartments of eukaryotic cells maintain a unique pH range 

which is critical for their function (Casey et al., 2010). The organelles of the secretory 

and endocytic pathways become progressively more acidic, with the lysosome/vacuole as 

the most acidic organelle (Huotari & Helenius, 2011). All acidic compartments in these 

pathways possess Vacuolar H+-ATPases (V-ATPases) which acidify their lumen. In 

addition, some specialized cells have plasma membrane V-ATPases that secrete H+ into 

the extracellular space. V-ATPases play important roles in many cellular processes 

including vesicular transport, neurotransmitter loading, ion homeostasis, urine 

acidification, and bone resorption (Breton & Brown, 2013; Collins et al., 2020; Eaton et 

al., 2021; Forgac, 2007). Consistent with their diverse roles in cell physiology, aberrant 

activity of V-ATPases has been associated with many pathological conditions such as 

osteopetrosis (Frattini et al., 2000), distal renal tubular acidosis (Smith et al., 2000) and 

metastatic cancer (Sennoune et al., 2004). However, complete loss of V-ATPase activity 

is lethal in higher eukaryotes (Sun-Wada et al., 2003), which makes therapeutic targeting 

of V-ATPases very difficult (Kane, 2012). 

V-ATPases are ATP-driven proton pumps that are conserved from yeast to 

humans. These multi-subunit protein complexes consist of two main subcomplexes where 

the cytosolic, peripheral complex, V1, hydrolyzes ATP and membrane-bound complex, 

Vo, contains the proton pore (Forgac, 2007). V-ATPases undergo different modes of 

regulation to fine tune their activity depending on cellular need (Forgac, 2007). One 

major mechanism of regulation of activity is by reversible disassembly where the V1 and 

Vo sectors reversibly disassemble in response to many signals such as upon glucose 
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deprivation (Kane, 1995) (Sumner et al., 1995). Signal-dependent disassembly of V1 from 

Vo leads to the inactivation of both ATP hydrolysis (Parra et al., 2000) and proton 

pumping (Couoh-Cardel et al., 2015). Significant conformational changes of the 

disassembled V1 and Vo complexes prevent reassembly when enzyme activity is not 

needed. The RAVE (Regulator of acidification in vacuole and endosome) complex is 

required for rapid reassembly of yeast V-ATPase in vivo (Seol et al., 2001). V-ATPase 

activity can also be modulated by phosphatidylinositol phosphate (PIP) lipids (Banerjee 

et al., 2019; Vasanthakumar et al., 2019) which are enriched in organelle membranes and 

may stabilize the assembled conformation of V-ATPase. In addition, isoforms of many 

V-ATPase subunits allow for tissue-specific and organelle-specific regulation. How 

isoform composition endows V-ATPases with distinct catalytic and regulatory properties 

is poorly understood.  

The a-subunit from the Vo sector is encoded by multiple tissue- and organelle-

specific isoforms in most eukaryotic cells. These isoforms determine localization of their 

respective complexes and confer different catalytic and regulatory properties. All a-

subunit isoforms consist of a cytosolic N-terminal domain (NT) and a membrane bound 

C-terminal domain (CT). Chimeras of yeast a-subunits containing NT and CT of the 

opposite isoforms revealed that the NT domain encodes information for localization and 

reversible disassembly (Kawasaki-Nishi et al., 2001).  Subsequent studies showed that 

the NT domains also dictate binding to different organelle-enriched phosphoinositide 

lipids (Banerjee et al., 2019; Banerjee & Kane, 2017; Li et al., 2014). The overall 

backbone structure of the NT domain of eukaryotic a-subunit isoforms is predicted to be 

similar, with 50-70% similarity at the amino acid level. Cryo-EM structures reveal that 



98 
 

the aNT domains are characterized by a proximal end (which connects to the aCT 

domain) and a distal end; the two ends are connected by a long coiled-coil (Figure 2.1). 

In yeast, the only V-ATPase subunit isoforms are in the Vo a-subunit and are encoded by 

the VPH1 and STV1 genes. Vph1-containing V-ATPases are enriched in the vacuole 

(Manolson et al., 1992) , and Stv1-containing V-ATPases localize to the Golgi 

(Manolson et al., 1994).Recent structures of Vph1-containing Vo and Stv1-containing Vo 

revealed strong similarity in overall structure but failed to resolve poorly conserved loops 

at both proximal and distal ends of aNTs (Vasanthakumar et al., 2019). These loops are 

likely flexible and may contribute to unique catalytic and regulatory properties of the 

isoforms. Indeed, sequences from these loop regions have previously been implicated in 

lipid binding (Banerjee et al., 2019; Banerjee & Kane, 2017). 

The aNT domain is an important regulatory hub of V-ATPase. First, it occupies a 

critical position at the V1- Vo interface (Figure 2.1A). It undergoes significant 

conformational changes in the V-ATPase holoenzyme vs. disassembled Vo subcomplexes 

(Couoh-Cardel et al., 2015). Second, the proximal and distal ends form quaternary 

interactions with different V1 subunits (Oot & Wilkens, 2012; Sharma et al., 2018); these 

interactions must be supported by all isoforms to preserve V-ATPase assembly and 

activity. Third, the aNT harbors many different regulatory interactions. Cellular factors 

important for V-ATPase regulation such as the RAVE complex (Smardon et al., 2014), 

PIP lipids (Banerjee et al., 2019; Banerjee & Kane, 2017; Li et al., 2014), glycolytic 

enzymes (Lu et al., 2007; Su et al., 2008), and the Arf-GEF protein ARNO (Hurtado-

Lorenzo et al., 2006) all interact with aNT domains. A major question is how these many 
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layers of regulatory interactions are encoded in the aNT domain and what interactions 

predominate under different cellular conditions.  

Here, we aimed to understand where two of the regulatory interactions, with 

RAVE and PIP lipids, reside in the aNT domain and how the information from these two 

inputs is integrated to control V-ATPase activity. Toward this goal, we have constructed 

chimeric aNTs by swapping the proximal and distal ends between Vph1 and Stv1. In 

vitro studies with the resulting chimeras suggest that the information for RAVE binding 

resides in the proximal end of Vph1NT. Lipid binding experiments suggest that multiple 

sequences in Stv1NT from both ends promote PI(4)P binding. Unlike previous chimeric 

a-subunits, a chimera containing proximal end of Stv1 in combination with distal end of 

Vph1 assembles into fully functional V-ATPases in vacuoles when attached to the Vph1 

C-terminal domain. However, the altered regulatory properties of this chimera have 

significant physiological consequences for yeast cells.  

 

2.3 RESULTS 

Design and expression of chimeric and mutant proteins 

In order to better understand the regulatory information embedded in the cytosolic 

aNT domains, we generated chimeras of Vph1NT and Stv1NT in vitro by swapping the 

proximal and distal ends between the two isoforms (Figure 2.1, Supplemental Figure 

2.1A). Pairwise alignment of the two isoforms helped define domain boundaries for 

chimera generation (Supplemental Figure 2.1B).  We placed the chimeric junction at a 

region of high sequence similarity in the middle of the coiled-coil.  Medium resolution  
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Figure 2.1: Design and construction of chimeric and mutant a-NT’s. A. Left, Cryo-

EM structure (4.20 Å resolution) of yeast V-ATPase holoenzyme (PDB 7FDA) where a-

subunit is shown as dark blue polypeptide chain (Khan et al., 2022). Subunits interact 

with aNT domain are represented in color; V1 E-cyan, V1 G-yellow, V1 H-purple, V1 

Cfoot-green. Right, Schematic diagram of yeast Vph1NT (aa. 1-372) and Stv1NT (aa. 1-

418) with the proximal and distal ends indicated, chimeric proteins constructed by 

swapping the two ends between the isoforms and Vph1NT-WKY mutant. Amino acids 

previously implicated in PI(3,5)P2 activation of Vph1-containing ATPases are indicated 

on Vph1NT in magenta, and the amino acids implicated in PI(4)P binding to Stv1 are 

shown in yellow. B. Coomassie stained SDS–PAGE showing MBP-tagged VPSD and 

SPVD chimeras and Vph1NT-WKY mutant after the first (amylose) and second (anti-

FLAG) affinity purification steps. Lines indicate positions where non-adjacent lanes from 

the same gel were moved together. 
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Supplemental Figure 2.1:  Modeling and expressing Vph1-Stv1 chimeras and 

mutants.  A. Structural models of Vph1NT (blue) and Stv1NT (orange) indicating the 

amino acids shown to affect activation of Vph1 in response to PI(3,5)P2 (pink) and 

binding of Stv1NT to PI4P (yellow). B. Alignment of Vph1NT and Stv1NT; sequences 

corresponding to the proximal ends of the chimeras are highlighted in yellow and 

sequences corresponding to the distal ends are highlighted in green. Positions of the PIP 

binding sites in A are indicated by yellow and pink circles. C. Size exclusion 

chromatographs after FLAG purification of the indicated chimeras and mutant 

proteins.  Protein levels were monitored by absorbance at 280 nm (A280). Highest 

molecular mass proteins are eluted first, as indicated by the arrow.  D indicates the dimer 

fraction, M the monomer fraction.  
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cryo-EM structures of intact V-ATPases containing both Vph1 (Benlekbir et al., 2012; 

Zhao et al., 2015) and Stv1 (Vasanthakumar et al., 2019) are available, but there are 

regions of the aNT domains that are missing from the structures or poorly resolved, 

including the regions previously implicated in lipid binding (Banerjee et al., 2019; 

Banerjee & Kane, 2017).  High confidence models for Vph1NT and Stv1NT 

(Supplemental Figure 2.1A) suggest that the design of the chimeras should preserve the 

structures of the proximal and distal ends of each isoform.  Previous work identified a 

binding site for PI4P in the proximal domain of Stv1NT that is indicated by a yellow 

circle (Banerjee & Kane, 2017), and binding site for P(3,5)P2 in the distal domain of 

Vph1NT that is indicated by a pink circle (Banerjee et al., 2019) in the Figure 2.1A and 

Supplemental Figure 2.1A. The resulting chimeras were designated Vph1NTproximal 

Stv1NTdistal (VPSD) and Stv1NTproximal Vph1NTdistal (SPVD) (Figure 2.1A).  In addition 

to these chimeras, we constructed a Vph1NT-WKY mutant in which we added the 

Stv1NT W83KYILH sequence containing the previously identified (underlined) PI(4)P 

recognition site (Banerjee & Kane, 2017; Finnigan et al., 2012) into the corresponding 

loop of the Vph1NT proximal domain.  

The chimeric and mutant aNT proteins were expressed in E. coli with a N-

terminal maltose binding protein (MBP) tag and a C-terminal FLAG tag and purified 

through sequential amylose and anti-FLAG affinity chromatography (Figure 2.1B) 

followed by gel filtration. The gel filtration profiles of the chimeric and mutant proteins 

(Supplemental Figure 2.1C) were very similar to those of the wild-type aNTs, including 

the characteristic monomer-dimer peak that is observed for wild-type Vph1NT and 

Stv1NT (Banerjee & Kane, 2017; Oot & Wilkens, 2012). The monomer fractions were 
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used in the subsequent assays; structural studies of the dimer indicate that it cannot occur 

in the intact V-ATPase (Oot & Wilkens, 2012). 

 

The proximal end of Vph1NT binds to Rav1 (679-898) 

The yeast RAVE complex is an isoform-specific assembly factor required only 

for the assembly of Vph1-containing V-ATPases; Stv1-containing V-ATPases can 

assemble independently of RAVE (Smardon et al., 2014). Vph1NT directly interacts with 

one RAVE subunit, Rav1, in two-hybrid and pull-down assays (Smardon et al., 2014; 

Smardon et al., 2015) (Jaskolka & Kane, 2020). A central fragment of Rav1 (aa 679-898) 

has a binding site for Vph1NT (Smardon et al., 2015) and point mutations and small 

deletions in this region abolish recruitment of RAVE to the vacuolar membrane in vivo 

(Jaskolka & Kane, 2020). Expressed Vph1NT co-elutes with a Rav1(679-898)His6 

fragment from TALON resin (Jaskolka & Kane, 2020; Figure 2.2A).  In contrast, no 

coelution of Stv1NT with Rav1(679-898)His6 was observed (Figure 2.2B), consistent 

with pull-down results using an overlapping fragment (Smardon et al., 2014). Although 

these experiments support isoform-specific binding, chimeric aNTs provide an 

opportunity to narrow down the RAVE binding domain. We performed similar pull-down 

assays with the Rav1(679-898)His6 fragment and the chimeric aNTs. We found that the 

VPSD chimera coeluted with Rav1(679-898) His6 (Figure 2.2C).  In contrast, the SPVD 

chimera, which lacks the proximal end of Vph1NT, did not coelute with the Rav1(679-

898) His6 fragment (Figure 2.2D). (Neither chimera was detected in controls without the 

Rav1 fragment, indicating the interaction is specific.) These data suggest that the Vph1 

proximal end present in the VPSD chimera has the information for binding to this critical  
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Figure 2.2: The proximal end of Vph1NT binds to Rav1 (679-898). Vph1NT, Stv1NT, 

and the VPSD and SPVD chimeras were expressed and purified as in Figure 2.1 except 

that the MBP tag was removed with Prescission protease. Rav1 (679-898)His6 was 

expressed and purified as described (Smardon et al., 2014). All four proteins were 

brought to a similar concentration. The aNT proteins were mixed with the Rav1 (679-

898)His6 at a 5:1 molar ratio. The mixtures were added to TALON resin and incubated at 

4°C for 2 h. to allow binding. The pull-down assay was performed as described (Jaskolka 

& Kane, 2020). The Rav1 (679-898)His6 fragment was used to pull-down: A. Vph1NT, 

B. Stv1NT, C. VPSD and D. SPVD, and the bound proteins eluted with imidazole in the 

indicated fractions (F1-F4 indicate sequential fractions collected after addition of 

imidazole). For the no Rav1 control for each pull-down assay, the indicated protein was 

mixed with TALON resin in absence of Rav1. Anti-FLAG monoclonal antibody was 

used to probe for Vph1NT, Stv1NT, VPSD and SPVD while anti-His6 antibody was used 

to probe Rav1 (679-898)His6. Lines indicate positions where non-adjacent lanes from the 

same gel were moved together. M: molecular mass markers, I: input. 
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region of Rav1, whereas the distal end is not important for the interaction. This places 

Rav1 binding (indicated by a star) at the opposite end from the PI(3,5)P2 binding region. 

 

Transfer of PIP specificity between aNT isoforms 

 PIP lipids interact with V-ATPase isoforms and contribute to their activity, 

localization, and regulation (Banerjee et al., 2019; Banerjee & Kane, 2017; Li et al., 

2014). We tested binding of the chimeric yeast aNT constructs to PI(4)P and PI(3,5)P2 in 

a quantitative liposome pelleting assay (Chandra et al., 2019). Liposomes with or without 

added phosphoinositide were incubated with a defined concentration of the aNT protein. 

Liposomes and bound protein were isolated by centrifugation as described in Materials 

and Methods, and binding was assessed by measuring the proportion of total protein in 

the pellet. PIP-specific binding was determined by subtracting the protein bound in the 

absence of phosphoinositide from that bound in the presence of 5% phosphoinositide. All 

of the proteins were tested for pelleting in the absence of lipid, and none pelleted, 

indicating that the presence of protein in the pellet was liposome-dependent. 

Stv1NT binds to Golgi-enriched PI(4)P in vivo and to PI(4)P-containing 

liposomes in a liposome flotation assay (Banerjee & Kane, 2017). Mutation of K84, 

located in the proximal end of Stv1NT, abolished binding to PI(4)P-containing liposomes 

in vitro, suggesting this region is necessary for lipid binding. It was not determined 

whether this region is sufficient for PI(4)P interaction, and the contribution of other 

regions of Stv1NT to lipid binding was not assessed. As shown in Figure 2.3A, Stv1NT 

showed much more binding to PI(4)P liposomes than Vph1NT at a protein  
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Figure 2.3: PIP lipid binding of chimeric and mutant aNTs in liposome pelleting 

assays. Liposomes were prepared as described (Banerjee & Kane, 2017). All proteins 

were expressed and purified as in Figure 2.1. Protein solutions at a final concentration of 

either 0.5 μM or 1 μM were incubated with control (no PIP), 5% PI(4)P or 5% PI(3,5)P2 

containing liposomes (final concentration of 0.33 mM) in separate centrifuge tubes as 

described in Materials and Methods. Following centrifugation, the supernatant (S) were 

collected, and pellet (P) fractions were resuspended in 100 μl of 50 mM Tris-Cl, 100 mM 

NaCl (pH 7.4) before TCA precipitation and analysis by SDS-PAGE and immunoblotting 
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with anti-FLAG antibody. A., C. Representative immunoblots showing distribution of the 

indicated proteins between the supernatant (S) and pellet (P) pellet fractions with control 

and PIP-containing liposomes. A. 0.5μM of each protein with control and PI(4)P-

containing liposomes, C. 1 μM of each protein with control and PI(3,5)P2 containing 

liposomes. In A and C., vertical lines represent movement of non-adjacent lanes from the 

same gel next to each other. B, D At least three assays were performed for each protein-

liposome combination and band intensities were determined using ImageJ. PIP-specific 

binding was determined by subtracting the proportion of total protein bound in the 

control pellets from the proportion in the PIP pellet, then multiplying by the total protein 

concentration to get PIP-specific binding. Bar graphs show the average concentration of 

each protein bound specifically to liposomes containing the indicated PIP lipid. B, 

PI(4)P-specific binding at total protein concentrations of 0.5μM D. PI(3,5)P2-specific 

binding at total protein concentrations of 1μM. Bar graphs represent mean + SD; each dot 

is a biological replicate. In each graph, binding for each protein was compared to every 

other protein by ordinary one-way ANOVA with Tukey’s multiple comparison test; 

significant differences between the strains are indicated: ****, P<0.0001 ***, P<0.0005; 

**, P<0.005; *, P<0.05; ns, P>0.05. 

 

 

 

 

 

 

 

 



109 
 

concentration of 0.5 M. We tested whether we could transfer Stv1NT PI(4)P specificity 

to Vph1NT using the Vph1NT-WKY mutant (Figure 2.1 schematic). As shown in 

Figure 2.3A, this mutant bound to PI(4)P liposomes comparably to Stv1NT and 

significantly better than Vph1NT. However, the SPVD chimera, in which the entire 

proximal end domain of Vph1NT was replaced with Stv1NT, bound even more strongly 

to PI(4)P suggesting that other sequences in the Stv1NT proximal domain may strongly 

enhance binding (Figure 2.3A, B). The VPSD chimera, in which the entire distal end 

domain of Vph1NT was replaced with the distal end of Stv1NT also showed significantly 

better binding than Vph1NT alone at 0.5 M protein (Figure 2.3A, B, C). Together these 

data support the previously identified WKY sequence as a major PI(4)P binding site in 

Stv1 which is sufficient to transfer PI(4)P binding to Vph1NT. However, both the 

remainder of the proximal and the distal ends of Stv1NT can further promote PI(4)P 

binding.  

Direct in vitro interaction between the vacuolar isoform Vph1NT and PI(3,5)P2-

containing liposomes has not been observed previously although Vph1NT shows 

PI(3,5)P2-dependent recruitment to membranes in vivo (Li et al., 2014). Furthermore, 

addition of exogenous PI(3,5)P2 specifically enhances the ATPase and proton pumping 

activities of Vph1-containing V-ATPases in isolated vacuolar vesicles and this 

enhancement is abolished by mutations in the Vph1 distal domain (Banerjee et al., 2019). 

We found little binding of Vph1NT or the chimeric proteins to PI(3,5)P2-containing 

liposomes in a liposome pelleting assay at 0.5 μM protein (the concentration used in 

Figure 2.3A), so we conducted the assay in the presence of 1 μM protein (Figure 2.3B). 
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Under these conditions, the SPVD chimera showed significantly higher binding than 

Vph1NT, the Vph1NT-WKY or VPSD chimera.  

 

Expression of mutant and chimeric aNTs as part of intact V-ATPases 

Although the expressed aNT domains are optimal for in vitro assays, they do not 

capture the full activity and function of the aNT domains in vivo, where they are tethered 

in proximity to membranes by attachment to the integral membrane aCT domains and 

must bind to multiple V-ATPase subunits. To compare their biochemical properties as 

part of the intact enzyme (as shown on the left side of Figure 2.4), we sought to express 

the aNT sequences as part of intact V-ATPase complexes at the vacuole.  The mutant and 

chimeric aNT sequences were integrated into the VPH1 locus, replacing the Vph1NT 

sequence and combining them with the Vph1CT sequence, for expression under control 

of the VPH1 promoter. The resulting strains still have V-ATPases containing wild-type 

Stv1 at the Golgi.  The VPH1 promoter is much stronger then the STV1 promoter, so the 

mutant chimeric a-subunits would be expected to be expressed at higher levels than Stv1 

and predominantly localized to the vacuole (Kawasaki-Nishi et al., 2001; Manolson et al., 

1994).   The results for a strain in which VPH1 contains just the WKY mutation are 

shown in Figure 2.4A-C.  Mutants lacking V-ATPase activity grow best at pH 5.   Loss 

of Vph1 function makes yeast sensitive to high extracellular pH and elevated level Zn2+ 

concentrations (Manolson et al., 1994).  As shown in Figure 2.4A, the strain containing 

the Vph1-WKY mutant grows comparably to wild-type cells under all conditions.  We 

also isolated vacuolar vesicles from the Vph1-WKY mutant strain and found that there 

was no significant difference in V-ATPase activity (Figure 2.4B) or level of V1 subunits  
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Figure 2.4: Characterization of the Vph1-WKY mutant and growth 

complementation by mutant chimeric aNTs expressed with Vph1CT. The Vph1-

WKY mutant and VPSD and SPVD chimeric aNTs were integrated into the yeast 

genome, replacing Vph1NT, to generate Vph1-WKY VPSD and SPVD mutant strains 

diagrammed on the left of the figure. A. Growth of the Vph1-WKY strain compared with 

wild-type.  Each strain was grown to log phase in YEPD pH 5, diluted to an A600 of 0.8 

then serially diluting 10-fold in a microtiter plate. Cells were transferred to YEPD pH 5, 

YEPD pH 7.5 and YEPD Zn2+ plates and grown for 3 days at 30°C.  B.  Vacuolar 

vesicles were isolated from wild-type and Vph1-WKY strains and assayed for 

concanamycin A-sensitive V-ATPase activity.  Each dot represents a separated vacuole 

preparation, and mean + SEM is shown.  There is no significant difference in activity 

between the strains.  C.  Vacuolar vesicles were solubilized and equal amounts from each 

strain were separated by SDS-PAGE.  Immunoblots were probed with antibodies to V1 

subunits A, B, and C, as well as the vacuolar membrane protein alkaline phosphatase 

(ALP).  Vo subunit Vph1 was identified with monoclonal 7B1H1.  D. Growth of wild-

type, VPSD and SPVD strains were compared to that of a vph1∆ strain under the same 

conditions shown in A. 
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A, B, and C or Vph1 (Figure 2.4C).  Thus, although the WKY sequence has been 

implicated in localization of Stv1 to the Golgi, high level expression of this mutant under 

control of the VPH1 promoter in a strain that also contains Stv1 does not significantly 

affect the level or activity of mutant V-ATPases at the vacuole.  

We also performed growth assays to assess V-ATPase function in the yeast strains 

containing chimeric a-subunits. Both chimeric aNT mutations complement the growth 

defects of the vph1∆ mutant under the conditions described above, suggesting they are 

tolerated in vivo (Figure 2.4D).    

 

The V-ATPases containing SPVD chimera are fully assembled and active 

We isolated vacuolar vesicles from the strains containing the SPVD and VPSD 

chimeras, and measured V-ATPase activity and assembly at the vacuole. Vacuolar 

vesicles from the VPSD chimera had significantly less V-ATPase activity than the wild-

type or SPVD vesicles (Figure 2.5A). In order to better understand the source of the 

defect in the VPSD vesicles, we compared the levels of the V1 subunits A, B, and C, Vo 

subunit d, and control vacuolar membrane protein ALP between the vesicle preparations. 

Although ALP levels are similar between the vesicle preparations, indicating comparable 

purity, all of the V1 subunits and Vo subunit d are at lower levels in the VPSD vesicles, 

suggesting a V-ATPase assembly or stability defect (Figure 2.5B). The chimeric a-

subunits showed different interactions with antibodies against Vph1 and Stv1. One of the 

monoclonal antibodies (7B1H1) (Kane et al., 1992) not only recognized Vph1 and also 

cross-reacted with the SPVD chimera. In contrast, another monoclonal antibody (10D7)  
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Figure 2.5: The V-ATPases containing SPVD chimera are active and fully 

assembled: Vacuolar vesicles were isolated from wild-type cells and cells containing the 

VPSD and SPVD chimera. A. V-ATPase–specific activity (defined as the activity 

sensitive to 100 nM concanamycin A and expressed as mmol/min/mg protein) was 

measured for at least four independent preparations of vacuolar vesicles, and the mean ± 

SEM is shown. B. The vesicles were solubilized, separated by SDS-PAGE, transferred to 

nitrocellulose, and probed with antibodies against V1 subunits A, B, and C, Vo subunit d, 

or alkaline phosphatase (ALP), a vacuolar integral membrane protease. Vesicles were 

also probed with two monoclonal antibodies specific for Vph1 (7B1H1 and 10D7) as 

well as polyclonal antisera against Stv1; none of these antibodies could detect the a-

subunit from all three strains. For the detection of A- and B-subunits 2.5 μg of vacuolar 

protein was loaded. 10 μg of protein was loaded to detect a and C subunits, and 7.5 μg of 

protein was loaded for visualization of a-subunits and alkaline phosphatase. 
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only recognized Vph1 and VPSD, but not SPVD. A polyclonal antibody against Stv1 

recognized VPSD and SPVD but not Vph1.  

In contrast to the VPSD chimera, vesicles from the SPVD chimera had a mean 

ATPase activity slightly higher than those from wild-type cells, although the difference in 

activity was not statistically significant. The levels of V1 subunits in the SPVD vacuolar 

vesicles were also as high, or slightly higher, as in wild-type vesicles, and the Vo d-

subunit was at similar levels. We also measured proton pumping in the wild-type and 

SPVD vesicles and observed that coupling ratios (the ratio of the initial rate of proton 

pumping to the initial rate of ATP hydrolysis) were also very similar between wild-type 

and SPVD vesicles (data not shown). In summary, despite differences in regulatory 

properties suggested from in vitro experiments, the SPVD mutant is as assembled and 

active as the wild-type V-ATPase. These data indicate that, for the first time, we have 

generated a fully functional chimeric V-ATPase predicted to have significantly different 

regulatory properties than wild-type.  We proceeded to test the physiological impact of 

these regulatory differences. 

 

The SPVD chimera is partially independent of RAVE function 

The RAVE complex plays roles in both biosynthetic assembly of the V-ATPase 

and reassembly after disassembly induced by glucose deprivation. rav1∆ mutants have 

very low V-ATPase activity and assembly in vacuoles (Smardon et al., 2002).  In this 

context, it was surprising that the SPVD chimera, which appears to lack Rav1 binding, 

had such high activity and assembly. We investigated the degree of RAVE independence 

of SPVD chimera by making a genomic deletion of RAV1 in this mutant. The rav1∆ 
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mutant grows well at pH 5 but poorly in media containing 4 mM Zn2+ or at elevated pH 

and calcium even at 30°C (Seol et al., 2001; Smardon et al., 2002). We found that the 

rav1∆SPVD chimera grew as well as wild type at high pH and calcium concentration and 

quite well in zinc-containing medium at 30°C (Figure 2.6). Thus, the growth defect of 

rav1∆SPVD mutants is milder than rav1∆ mutants indicating that V-ATPases containing 

the SPVD chimera are at least somewhat independent of RAVE.  

 

Is there a physiological cost of the SPVD mutation?  

Although V-ATPases containing the SPVD chimera appear to be fully assembled 

and functional, our in vitro experiments suggest that their regulatory properties may be 

quite different than those of wild-type V-ATPases. Reversible disassembly is a major 

regulatory mechanism for V-ATPases (Oot et al., 2017). In yeast, it is likely to be 

particularly important under conditions of acute glucose deprivation (Parra & Kane, 

1998). We first checked whether V-ATPase regulation by reversible disassembly is 

retained in the SPVD chimera. We performed immunoprecipitations from whole cell 

lysates of wild-type and the SPVD chimera maintained in the presence of glucose, after 

20 min of glucose deprivation, and 20 min after glucose readdition to the glucose-

deprived cells. A monoclonal antibody against the V1 subunit B was previously shown to 

immunoprecipitate both V1 subcomplexes and fully assembled V1- Vo complexes 

(Doherty & Kane, 1993; Smardon et al., 2002). We used this antibody to 

immunoprecipitate complexes from both strains and assessed the ratio of V1 to Vo by 

comparing levels of V1 B-subunits to their respective Vo a-subunit, then calculating the 

percent assembly relative to the starting (+glucose) samples.  
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Figure 2.6: The SPVD chimera is partially independent of RAVE. Growth 

phenotypes of wild- type, SPVD, rav1∆ and rav1∆SPVD strains were tested by growing 

strains to log phase in YEPD pH 5, diluting to an A600 of 0.8 and serially diluting 10-fold 

in a microtiter plate. Cells were transferred by pinning to YEPD pH 5 and YEPD + 4 mM 

ZnCl2 (YEPD +Zn2+) plates and grown for 3 days at 30°C. Cells transferred to YEPD pH 

7.5 + 60 mM CaCl2 (YEPD pH 7.5 +Ca2+) plates were grown for 5 days at 30°C.  
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Figure 2.7: Glucose-dependent disassembly and reassembly in wild-type and SPVD 

cells. A. Immunoprecipitation of V-ATPases from wildtype and SPVD from spheroplast 

lysates was performed as described in (Kane, 1995) and Materials and Methods. Yeast 

cells were converted to spheroplasts, which were then incubated for 30 min in YEP 

media with (+) or without (-) 2% glucose. A third sample (-/+) was incubated without 

glucose for 20 min followed by 30 min incubation with 2% glucose. V-ATPases were 

immunoprecipitated under each condition using the monoclonal antibody 13D11 against 

the V1 B-subunit followed by Protein A-Sepharose. Immunoprecipitated proteins were 
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subjected to SDS-PAGE and transferred to nitrocellulose. Western blot analysis was 

performed using primary antibody 8B1F3 (against the V1 A-subunit), 13D11 (against the 

V1 B-subunit), 7B1H1 (against Vph1NT) or polyclonal anti-Stv1 antisera. Dissociation of 

the V-ATPase complex is reflected as a decrease in the amount of a-subunit 

immunoprecipitated. A representative experiment from three biological replicates is 

shown. B. Bar diagram showing mean assembly under each condition, relative to the 

assembly each strain maintained in glucose of wild type and SPVD cells. Error bars 

represent standard deviation. Comparison between the strains was performed by two-way 

ANOVA (without multiple comparison). Results for +glucose, -glucose and glucose 

addback (-/+) conditions were also compared for each strain by two-way ANOVA with 

Tukey’s multiple comparison test. Significance of differences is indicated as: ****, 

P<0.0001; ***, P<0.0005; **, P<0.005; *, P<0.05; ns, P>0.05. 
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There are significant differences in the behavior of the two strains (Figure 2.7A, 

B). V-ATPases in the SPVD mutant disassemble more extensively than those in the wild-

type strain (a mean of 22% relative assembly vs. 51% in wild-type). Rapid reassociation 

of disassembled V1 and Vo after glucose restoration to glucose-deprived cells requires the 

RAVE complex in vivo (Seol et al., 2001). In wild type cells, the ratio of V1 to Vo was 

rapidly restored to a mean of 86% of the pre-deprivation level after glucose readdition 

(Figure 2.7B). In the SPVD chimera the average assembly after glucose addition was 

less than 50% of the pre-deprivation level (Figure 2.7B). Together, these data suggest 

that V-ATPases in SPVD chimera disassemble more extensively during glucose 

deprivation and cannot reassemble completely after a short time of glucose readdition.  

The different regulatory mechanisms for the V-ATPase are believed to tune 

enzyme activity to different extracellular conditions, so we hypothesized that cells 

containing the SPVD chimera might respond differently than wild-type cells upon a shift 

to stressful conditions.  Reversible disassembly of V-ATPases inhibits ATP hydrolysis 

and may support cell growth by preserving ATP during the periods of deprivation that 

arise during shifts in carbon source. We tested how cells containing the SPVD chimera 

adjust during a transition to a less preferred carbon source. Wild type and SPVD mutant 

cells were grown to log phase in YEPD (glucose) medium and diluted into fresh medium 

containing glucose or raffinose, then grown until growth reached a plateau. Both strains 

exhibited similar growth rates in medium containing 2% glucose as shown in Figure 

2.8A, but the SPVD strain had a somewhat longer lag before growth initiation. There was 

also a lag in growth of wild-type cells upon a shift to raffinose; this is not unexpected 

because both transcriptome and proteome changes occur during a shift to raffinose  
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Figure 2.8: Growth of SPVD mutant under stress conditions. A-C.  The wild-type and 

SPVD mutant strains were grown to log phase in YEPD, then diluted into the indicated 

medium to a density of A600=0.1. Growth was then monitored for 24 hr. at 30°C. Growth 

curves for wild type and SPVD strains in A. YEPD (YEP containing 2% glucose) B. 2% 

raffinose (YEP containing 2% raffinose) C. 1.0 M NaCl (YEPD containing 1 M NaCl) D, 

E. Wild-type and SPVD strains were grown to log phase in YEPD buffered to pH 5, then 

diluted into:  D.  pH 5 (YEPD buffered to pH 5) or E. pH 7.5 (YEPD buffered to pH 7.5). 

Growth was observed over the span of 24 hr at 30°C. Mean growth rates + S.D. from 

three biological replicates are shown. Multiple t-tests were performed for each set of 

experiments.  The bars show time ranges with significant differences in growth: ***, 

P<0.0005, **, P<0.005; all other differences were not significant. 
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metabolism (Paulo et al., 2015). SPVD cells have a significantly longer lag when shifted 

to raffinose than when shifted to fresh glucose-containing medium. These data indicate 

that with SPVD mutation cells cannot as readily adjust to changes in carbon sources as 

wild-type cells, consistent with the delayed V-ATPase reassembly in Figure 2.8B.  

PI(3,5)P2 is a signaling lipid that helps cells to adapt to multiple stresses (Jin et 

al., 2017; McCartney et al., 2014). Mutants lacking PI(3,5)P2 are sensitive to high salt  

(Bonangelino et al., 2002) and vph1 mutants defective in PI(3,5)P2 activation also exhibit 

salt-dependent phenotypes (Banerjee et al., 2019; Bonangelino et al., 2002). We 

hypothesized that the SPVD chimera might have an advantage after a shift to medium 

containing high salt because it shows tighter binding to PI(3,5)P2. However, cells 

containing wild-type VPH1 or the SPVD chimera showed very similar lags and growth 

rates (Figure 2.8C). Under alkaline growth conditions, V-ATPase activity is increased 

and the enzyme appears to be stabilized (Diakov & Kane, 2010); this stabilization at 

alkaline pH is dependent on PI(3,5)P2 (Li et al., 2014). We hypothesized that increased 

PI(3,5)P2 binding might provide a growth benefit when cells are shifted to alkaline pH 

(i.e. from medium at pH 5 to pH 7.5). The SPVD mutant again had a somewhat longer 

lag when diluted into pH 5 medium (Figure 2.8D). However, at pH 7.5 the SPVD cells 

grew at a significantly faster rate than wild type cells after the initial lag (Figure 2.8E).  

Interestingly, the Vph1-WKY mutant, which also has two potential PIP binding sites but 

does not appear to bind as tightly to PI(3,5)P2 as the SPVD chimera, grows very 

similarly to wild-type under all the growth conditions (data not shown).  These data 

indicate that  
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Figure 2.9:  Comparison of responses of V-ATPases containing wild-type and SPVD 

mutant Vph1 to stress.   
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the different regulatory interactions of the wild-type and SPVD aNT domains observed in 

vitro affect the response of cells to distinct stresses in vivo.  

 

2.4 DISCUSSION 

 he aNT domain occupies a critical location at the interface of the V1 and Vo 

subcomplexes and has long been recognized as a major locus of regulation. It is clear that 

different a-subunit isoforms endow V-ATPases with distinct regulatory capacities.  

However, where isoform-specific regulatory responses reside in the aNT domain and how 

cells decode these distinct regulatory signals are not completely understood.  

The aNT chimeras presented here help define the hierarchy and consequences of 

two aspects of isoform-specific regulation, as depicted in Figure 2.9. Specific binding of 

Vph1 to RAVE underlies the isoform-specific reversible disassembly of Vph1-containing 

V-ATPases (Smardon et al., 2014).  Binding of the Rav1(678-898) fragment to the VPSD 

chimera in Figure 2.2 indicates that the RAVE complex binds to the proximal end of 

Vph1NT.  (This binding is indicated by the white star in Figure 2.9.) The Rav1(678-898) 

fragment is critical for recruitment of RAVE to the vacuolar membrane; mutations in this 

region completely prevent recruitment (Jaskolka & Kane, 2020). Thus, the proximal end 

of Vph1NT may make the first contact between the Vo subcomplex and the RAVE 

complex bearing V1 subcomplex and subunit C.  This initial contact will help orient the 

complexes for reassembly into the active complex (Jaskolka et al., 2021). Binding of 

RAVE to the proximal end of Vph1NT as shown for the wild-type V-ATPase in Figure 

2.9 could leave the distal end free to assemble a quaternary complex with the foot domain 
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of subunit C and the appropriate EG peripheral stalk; formation of this quaternary 

interaction is likely to be a critical step in reassembly (Oot et al., 2017).  Notably, 

Rabconnectin-3 is the human homolog of yeast RAVE and its DMXL1and DMXL2 

subunits have homology with Rav1, including the region determined to bind the Vph1NT 

proximal domain (Jaskolka et al., 2021).  

The chimeric aNTs provide new insights into the mechanism of interactions of 

aNT isoforms with PIP lipids. Interestingly, lipid binding sites have been identified in 

poorly conserved loops of both the proximal domain (Stv1NT) (Banerjee & Kane, 2017) 

and the distal domain (Vph1NT) (Banerjee et al., 2019), suggesting both ends of aNT can 

potentially contribute to PIP binding and increased V-ATPase activity. We find that 

Vph1NT acquires PI(4)P binding in vitro upon addition of the previously defined WKY 

sequence from Stv1NT. However, both the SPVD chimera, which contains this sequence, 

and the VPSD chimera, which does not, show better binding to PI(4)P than Vph1NT, 

suggesting that other Stv1NT sequences contribute to PI(4)P binding. Previous attempts 

to determine direct interaction between Vph1NT and PI(3,5)P2 in a liposome flotation 

assay were unsuccessful, and weak binding was also observed here in the liposome 

pelleting assay (Figure 2.3). PI(3,5)P2 binding to Vph1NT is a reversible, regulatory 

interaction in vivo (Li et al., 2014), and thus may be tuned to a lower affinity. 

Interestingly, the SPVD chimera, which contains both of previously determined PIP 

binding sites, binds more tightly to both PI(4)P and PI(3,5)P2 than either Stv1NT or 

Vph1NT in vitro. Cryo-EM structures indicate that both the proximal and distal domains 

of the aNTs collapse toward the center of the disassembled, inactive Vo sector (Mazhab-

Jafari et al., 2016; Roh et al., 2018). Lipid binding to either end of aNT could help 
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stabilize the subunit in a more peripheral configuration optimal for assembly and activity. 

PIP binding to both ends of the SPVD chimera may provide even greater stability.  

Human aNT isoforms also have poorly conserved regions in their proximal and distal 

ends; future experiments will determine whether these regions are also involved in PIP 

binding and stabilization of the V-ATPases they contain. 

The SPVD chimera is the first fully functional chimera of Stv1 and Vph1. 

Kawasaki-Nishi et al. constructed chimeras containing the entire NT domain of Stv1 and 

Vph1 in combination with the CT domains of the opposite isoform (Kawasaki-Nishi et 

al., 2001). However, both of those chimeras had <30% of the activity and assembly of the 

wild-type enzyme, comparable to the 23% of wild-type activity in the VPSD mutant 

(Figure 2.5A). In contrast, the assembly and activity of the SPVD chimera in isolated 

vacuolar vesicles are at least as good as those of the wild-type enzyme. This indicates that 

binding of the RAVE complex to the proximal end of the chimeric aNT is either not 

essential for the biosynthetic assembly V-ATPases containing the SPVD chimera, or that 

the proximal end of Stv1NT is sufficient to support RAVE-independent biosynthesis. 

Notably, Stv1-containing V-ATPases can assemble in the absence of RAVE (Smardon et 

al., 2014), so this capability may be carried in the Stv1NT proximal end. However, it is 

also possible that the increased lipid binding to SPVD-containing ATPases circumvents 

the need for RAVE in biosynthetic assembly. In addition to its biosynthetic role, RAVE 

is required for reassembly after glucose deprivation (Seol et al., 2001; Smardon et al., 

2002). The SPVD chimera disassembles to a greater extent than the wild-type V-ATPase 

and incompletely reassembles in a short time after glucose readdition, as shown in Figure 
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2.8 and depicted in Figure 2.9. Biosynthetic assembly and reassembly occur by different 

pathways, so RAVE interactions may differ between the two pathways (Kane, 2006).  

Yeast mutants lacking V-ATPase activity are sensitive to many different stress 

conditions (Kane, 2007), highlighting both the overall importance of this enzyme in cell 

physiology and its specific importance under certain stress conditions.  Consistent with 

this, V-ATPase activity is increased under stresses such as high extracellular pH and 

osmotic stress and decreased under other conditions such as low glucose (Diakov & 

Kane, 2010; Kane, 1995; Li et al., 2014).  Thus, the multiple regulatory mechanisms of 

V-ATPases are envisioned to optimize V-ATPase activity to different growth conditions 

or stresses.  The SPVD chimera provides novel insights into how isoform-specific 

regulatory inputs are integrated and balanced to achieve physiological responses (Figure 

2.9). PIP binding and reversible disassembly are associated with V-ATPase responses to 

different stresses (Kane, 1995; Li et al., 2012), and their regulatory effects are separable. 

Reversible disassembly in response to glucose deprivation still occurs in the absence of 

vacuolar PI(3,5)P2, suggesting that this process is independent of PIP binding (Li et al., 

2014). However, the V-ATPase response to glucose restoration is strongly RAVE-

dependent (Seol et al., 2001). V-ATPase disassembly can occur with acute glucose 

deprivation, from exhaustion of glucose during growth, and in transitions to poor carbon 

sources (Kane, 1995; Parra & Kane, 1998). We found that despite having wild-type 

activity in isolated vacuoles, the SPVD mutant was slow to resume growth after a shift 

from glucose to the poor carbon source raffinose (Figure 2.8B). In other physiological 

situations, RAVE binding may be less important. Specifically, vacuolar PI(3,5)P2 is 

implicated in stabilization and/or activation of assembled V-ATPases at the vacuole 
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under high salt and alkaline growth conditions (Diakov & Kane, 2010; Li et al., 2014). 

Given the high level of PI(3,5)P2 binding to the SPVD-NT domain, PI(3,5)P2 

stabilization of V-ATPases under alkaline stress could help explain the higher rate of 

recovery of the SPVD mutant at pH 7.5, after an initial lag (Figure 2.8E).  However, it is 

clear that sequences in SPVD beyond the currently identified PIP binding sites could help 

promote growth at alkaline pH. Further experiments will be needed to fully define the 

underlying mechanism, but this is the first example of a chimeric V-ATPase with both 

preserved basal activity and a growth advantage over wild-type under specific stress 

conditions.  

The overall structure of mammalian V-ATPases and a-subunit isoforms are 

remarkably similar to those of yeast, and there is also multi-layered, isoform-specific 

regulation of V-ATPases, much of it centered on a-subunit isoforms.  Significantly, 

cancer cells expressing multiple a-subunit isoforms can specifically recruit the a3 isoform 

to the plasma membrane to promote invasion and migration (Cotter et al., 2016), 

suggesting that this isoform encodes a distinct response to signals present in cancer cells.  

In kidney, interactions of the a2 isoform with ARNO are sensitive to luminal pH of the 

endosome (Hurtado-Lorenzo et al., 2006) (Marshansky & Futai, 2008), while in synaptic 

vesicles, luminal pH dictates the assembly state of V-ATPases containing the a1 isoform 

and thus supports neurotransmitter loading (Bodzeta et al., 2017).  The emerging picture 

is that V-ATPase isoforms contain both organelle-specific targeting information and the 

capacity to respond to multiple signals that ultimately link V-ATPase activity and 

organelle function.  In addition, total loss of V-ATPase activity is lethal in higher 

eukaryotes (Sun-Wada et al., 2003), so targeting isoform-specific functions and 
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regulatory mechanisms is an attractive route to therapeutic modulation of V-ATPase 

activity. Generation of functional V-ATPases with altered regulatory properties provides 

a means to better understand both the mechanism and underlying balance of isoform-

specific regulation. Importantly, our results indicate that it may be possible to retain full 

V-ATPase activity under basal conditions, thus avoiding lethality, while changing the 

enzyme’s regulation and cellular responses to stress. 

 

2.5 MATERIALS AND METHODS 

Materials, media and cell growth 

Amylose and TALON resin were purchased from New England Biolabs and 

Clontech, respectively. Anti-FLAG M2 resin, mouse anti-FLAG antibody, and FLAG 

peptide were purchased from Sigma. Lipids were purchased as lyophilized powder from 

Avanti Polar Lipids. Sepharose A beads were purchased from GE Healthcare. DSP 

(dithiobis (succinimidyl propionate)) crosslinker was obtained from Pierce. 

Liquid medium for E. coli culture consisted of 2.5% Luria–Bertani broth (LB), 

Miller powder (Fisher BioReagents). For expression of proteins from E. coli 0.2% 

dextrose was added to LB. To maintain plasmids carrying an ampicillin- or 

chloramphenicol resistance genes, we added 125 µg/ml ampicillin (Sigma-Aldrich) or 34 

µg/ml chloramphenicol (Sigma-Aldrich), respectively. 

Yeast cells were grown on rich media containing 1% yeast extract, 2% peptone 

and 2% dextrose (YEPD). YEPD was buffered to pH 5.0 or pH 7.5 by 50 mM potassium 

phosphate and 50 mM potassium succinate. For plates with added CaCl2, YEPD was 
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buffered to pH 7.5 with 50 mM Mes (2-(N-morpholino) ethanesulfonic acid) 50 mM 

MOPS (3-(N-morpholino) propanesulfonic acid) buffer, and 60 mM CaCl2 was added 

(YEPD, pH 7.5, Ca2+). YEPD+Zn2+ containing plates consisted of 4 mM ZnCl2 in 

unbuffered YEPD. YEPD+G418 contained 200 µg/ml G418 (Gibco Genticin, Thermo 

Fisher Scientific). For auxotrophic selections, fully supplemented minimal medium with 

2% dextrose (SD) lacking individual nutrients was used. Yeast cells were grown to log 

phase in indicated media and collected near A600=1 for transformation as described (Gietz 

& Schiestl, 2007). For dilution growth assays, the indicated wild-type or mutant yeast 

cells were grown to log phase in YEPD, pH 5. Cell suspensions were adjusted to a single 

density, and 10-fold serial dilutions were made and then pinned onto the desired plates.  

 

Cloning, expression and purification of MBP-Vph1NT(1-372)-FLAG, VPSD chimera, 

SPVD chimera and Vph1NT-WKY mutant 

MBP-Vph1NT(1-372)-FLAG: A single FLAG tag was inserted at the C-terminus 

of MBP-Vph1NT (1-372) by TA cloning. Specifically, Vph1NT nucleotide sequence 1-

1116 carrying a 5’ BamH1 and a 3’ FLAG was PCR amplified using oligonucleotides 

Vph1NT 5’BamH1 and Vph1NT 3’FLAG (Table 2) and a template of MBP-Vph1NT (1-

372) plasmid DNA. After addition of a non-templated A, the PCR product was then 

ligated in pGEM T-easy vector. Subsequently, BamH1-Vph1NT-FLAG was cloned into 

pMal c2E Precision protease vector that had been cut with restriction enzymes BamHI 

and PstI. 
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The VPSD chimera carrying amino acid residues 1-123 of Vph1NT, 133-342 of 

Stv1NT and 295-372 of Vph1NT was generated by using a megaprimer PCR technique 

(Forloni et al., 2019). A sequence of Vph1NT corresponding to amino acid 124-294 was 

replaced with sequence corresponding to Stv1NT amino acid 133-342 using 

oligonucleotides Stv1NT 133F and Stv1NT 324R and a template of MBP-Vph1NT (1-

372)-FLAG plasmid DNA. 

The SPVD chimera carrying amino acid residues 1-132 of Stv1NT, 124-294 of 

Vph1NT and 343-418 of Stv1NT was generated by using similar megaprimer PCR 

technique. A sequence of Stv1NT corresponding to amino acid 133-342 was replaced 

with sequence corresponding to Vph1NT amino acid 124-294 using oligonucleotides 

Vph1NT 124F and Vph1NT 294R and a template of MBP-Stv1NT(1-418)-FLAG 

plasmid DNA. 

For the Vph1NT-WKY mutant, a mutant Vph1NT carrying Stv1NT W83KYILH 

amino acid was generated by using oligonucleotide W83 Vph1F and Stv1W83Vph1R 

and a template of MBP-Vph1NT (1-372)-FLAG plasmid DNA. 

MBP-Vph1NT(1-372)-FLAG, MBP-Stv1NT(1-418)-FLAG, VPSD chimera, 

SPVD chimera, Vph1NT-WKY mutant and MBP-Rav1 (679-898)-His6 cell were 

expressed, induced and affinity purified on amylose columns as described previously 

(Jaskolka & Kane, 2020). All the constructs were expressed in Rosetta competent cells 

(F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) pRARE (CamR)) (Novagen). To induce protein 

expression 0.5mM isopropyl B-D-thiogalactopyranoside was added to cells when they 

reached a density of 0.5-0.6 OD/ml, and growth was continued for 16 hr at 18°C. Proteins 

were affinity purified on amylose columns. A second round of affinity purification was 
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performed using anti-FLAG M2 Affinity resin. Peak fractions were pooled, and 5 mM 

DTT was added immediately. After concentration to at least 1 mg/ml, the proteins were 

run on a Sephadex 200 (S200) gel-filtration fast protein liquid chromatography (FPLC) 

column on an AKTA FPLC system. The peak corresponding to the monomeric molecular 

mass was collected and used for additional experiments. 

 

Pull-down assay 

Protein pull-down assays were performed as described (Jaskolka & Kane, 2020). 

The only exception is that the two step affinity purified peak fractions of MBP-

Vph1NT(1-372)-FLAG, MBP-Stv1NT(1-418)-FLAG, VPSD chimera, SPVD chimera 

and pooled peak fractions of Rav1 (679– 898)-His6 from amylose column were dialyzed 

overnight in TALON equilibration buffer. MBP was cleaved from the proteins with 

Prescission protease before affinity purification on the FLAG column. After measuring 

the concentration all four proteins were brought to a similar molarity. The aNT proteins 

were mixed with the Rav1 (679-898)His6 at a 5:1 molar ratio. The mixtures were added 

to TALON resin and incubated at 4°C for 2 h to allow binding, then the mixed beads and 

proteins were added to a column, washed with buffer containing 5 mM imidazole.  

Rav1(679-898) and bound proteins were eluted by addition of buffer containing 250 mM 

imidazole and fractions were collected. 

 

Liposome preparation and liposome pelleting assay 

Control liposomes and liposomes of defined PIP lipid contents are prepared as 
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described (Banerjee & Kane, 2017). For pelleting assays, the protein of interest was 

mixed with a final Volume of 100 µl of control (0% PIP) or experimental (5% PIP) 

liposomes to give a final concentration of protein of 0.5 or 1 µM, and final total lipid 

concentration of 0.33 mM. The mixtures were left at room temperature for 30 min to 

allow for protein–liposome interaction. After incubation, the solution was centrifuged at 

400,000 g for 30 min at 4°C in a TLA-100 fixed angle rotor using a Beckman Coulter 

mini-ultracentrifuge. Supernatant and pellet fractions were separated, and the pellet was 

resuspended in 100 µl of 50 mM Tris-Cl, 100 mM NaCl (pH 7.4). Samples were then 

precipitated using 10% trichloroacetic acid. The pellets were washed with cold acetone 

and dissolved in 50 µl of cracking buffer (50 mM Tris-HCl, pH 6.8, 8 M urea, 5% SDS, 

and 1 mM EDTA). 25 µl of each sample were then separated by SDS-PAGE and 

transferred into nitrocellulose membrane. The resulting blots were then probed with anti-

FLAG M2 antibody, followed by alkaline phosphatase-conjugated anti-mouse antibody. 

A no liposome control was also performed to ensure that the protein of interest did not 

pellet on its own. For these samples, the protein was diluted to final Volume of 100 µl in 

the same buffer and subjected to centrifugation and SDS-PAGE as described above.  

A least three separate pelleting assays were performed for each protein 

concentration and liposome type. Immunoblots were analyzed using ImageJ to quantitate 

intensity of the supernatant and pellet bands which was subsequently converted to 

percentage of the total (supernatant + pellet). For each experiment, the percentage of 

protein in the control (no PIP) pellets were subtracted from that in the PIP pellets and the 

resulting value of specific binding was multiplied by the total protein concentration to 

determine the PIP-specific binding. The mean and standard deviation across replicates 
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were calculated, and significance was determined using Ordinary one-way ANOVA with 

multiple comparisons using GraphPad Prism 9.  

 

Yeast strains 

The genotype of the strains used in this study are listed in Table 1. 

For genomic integration of the VPSD chimeric aNT into full length VPH1 under 

the VPH1 promoter, a fragment containing VPSD chimera was PCR amplified from the 

expression plasmid described above using oligonucleotides SIV F and SIV R. The WKY 

sequence was introduced into intact VPH1 by amplifying this sequence from the 

expression plasmid with oligonucleotides Vph1NT-1F and Vph1NT-372R.  The 

amplified PCR products were then transformed into a strain in which Vph1NT sequence 

for amino acids 50-300 had been replaced with URA3 (Banerjee et al., 2019). 

Transformants capable of growth in presence of 5-fluoro-orotic acid (FOA) were 

selected, analyzed for replacement of the URA3 gene, and sequenced to confirm 

introduction of the chimera sequence.  

For genomic integration of SPVD chimeric aNT into full length VPH1 under the 

VPH1 promoter, a plasmid containing 400 bp upstream of the VPH1 open reading frame 

followed by the SPVD chimera and 400 bp corresponding to Vph1CT amino acids 406-

539 cloned into pBluescript ΙΙ KS(-) vector using BamHI and XhoI was purchased from 

Genscript. After restriction digestion with BamH1 and Xho1, the fragment was then 

transformed into 5Aα Vph1 aa 50-300∆::URA3 strain and transformants were selected on 

FOA plates as described above.  
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To delete RAV1 from the SPVD-containing yeast strain, nucleotide sequence of 

URA3 with ends homologous to RAV1 was PCR amplified from a strain containing 

rav1∆::URA3 strain using oligonucleotides rav1 Ura3F and Rav1 Ura3R. This amplified 

fragment was used to transform 5Aα SPVD cells and transformants were selected on SD 

lacking uracil. Colony PCR was performed to isolate transformants with the RAV1 

deletion. 

 

Vacuole isolation and biochemical analysis  

Vacuoles were isolated as described in (Li et al., 2014). Purified vacuolar vesicles 

were tested for ATPase activity in a coupled ATPase enzyme assay as described in (Liu 

et al., 2005) except that the cuvettes containing reaction mixture were preheated at 37°C. 

To assess V-ATPase specific activity, concanamycin A was added to a final 

concentration of 200 nM. Protein concentration was determined by Lowry assay (Lowry 

et al., 1951) to determine V-ATPase specific activity. Proton pumping was observed 

using the 9-amino-6-chloro-2-methoxyacridine quenching assay described previously 

(Liu et al., 2005). 20 μg of vacuolar vesicles were used for each assay. Pumping was 

initiated by adding 0.5 mM ATP and 1.0 mM MgSO4.  

Western blots of vacuolar proteins were performed as in (Li et al., 2014). Mouse 

monoclonal antibodies 8B1F3 and 13D11 were used against V1 subunits A and B (Kane 

et al., 1992). Vph1 was detected using mouse monoclonals 7B1H1 and 10D7 (Kane et al., 

1992). Alkaline phosphatase was detected with mouse monoclonal 1D3A10 (Invitrogen). 

Rabbit polyclonal antisera, a generous gift from Tom Stevens, University of Oregon, 
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were used to detect V1 C and Vo d and SPVD (via anti-Stv1p antisera). Representative 

immunoblots were scanned to obtain images used for figures.  

 

Immunoprecipitation 

Immunoprecipitation was performed as described in (Kane, 1995) with the 

following modifications. For each immunoprecipitation, Volumes of cell culture 

equivalent to 20 OD600 units were pelleted then converted to spheroplasts. The 

spheroplasts were incubated for 30 min in YEP, 1.2 M sorbitol media with (+) or without 

(-) 2% glucose at 30°C. A third sample (-/+) was incubated without glucose for 20 min 

followed by 30 min incubation with 2% glucose. The spheroplasts were lysed, then 

complexes immunoprecipitated using the monoclonal antibody 13D11 against the B-

subunit followed by Protein A Sepharose beads (Sigma). After elution with cracking 

buffer, (8M urea, 50mM Tris HCL pH 6.8, 5% SDS, 1mM EDTA, 5% -

mercaptoethanol) samples were Vortexed and incubated for 20 min at 55°C. All samples 

were then subjected to SDS-PAGE and transferred to nitrocellulose. Western blot 

analysis was performed using primary antibody 8B1F3 (V1 A-subunit), 13D11 (V1 B-

subunit), 7B1H1 (Vph1 in wild type) and anti-Stv1 antibody (SPVD). Alkaline 

phosphatase conjugate secondary antibody was used for the detection of Vph1 in wild 

type whereas HRP conjugate secondary antibody was used for the detection of the SPVD 

a-subunit. The extent of V-ATPase assembly was assessed from the ratio of Vo to V1 and 

normalized to ratio in the sample maintained in glucose. 
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Growth curve assay 

 For growth assays, yeast strains were grown overnight in YEPD and diluted to a 

density of A600 = 0.05 in YEP containing 2% dextrose or 2% raffinose or YEPD 

containing 1 M NaCl. In order to compare pH effects on growth, cells were grown 

overnight in YEPD buffered to pH 5, then diluted to YEPD buffered to pH 5 or pH 7.5 as 

indicated. Growth over time was then monitored on a SpectraMax i3X multi-mode 

multiplate reader for 24 hr.  

 

Protein structure prediction 

The homology models of Vph1NT (1-372) and Stv1NT (1-448) were obtained by 

submitting the corresponding amino acid sequences of Phyre2 server (Kelley et al., 

2015). From the submitted sequence, 100% confidence models based on Vph1NT in the 

state 1 rotational structure of the yeast V-ATPase (Zhao et al., 2015) (PDB 3j9t) were 

obtained with 93% coverage (Vph1NT 1-372) and 88% coverage (Stv1NT 1-418). 

Structures were visualized using UCSF Chimera (Pettersen et al., 2004). 

 

Statistical analysis 

 Statistical analysis was performed using Graphpad Prism 9.  For every experiment 

a minimum of three independent experiments was performed.  In the graphs in Figures 

2.3, 2.5, and 2.7, each dot superimposed on the bar graphs represents a biological 

replicate.  Biological replicates are defined as coming from distinct individual yeast 

colonies on a plate (in contrast, experiments in which a liquid culture of yeast is grown 
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and divided would give rise to technical replicates).  For experiments with purified 

protein, biological replicates come from different purifications of a given protein.  All 

datasets were analyzed for outliers using Prism 9; only one outlier (which had very high 

activity) was identified and excluded in the vacuolar ATPase assays from the SPVD 

mutant (Figure 2.5A). 
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Strains Descriptions Reference 

SF838 5Aα Matα leu2-3, 112; ura3-52; ade6 gal2  

vph1∆ SF838 5Aα vph1∆:: LEU2 (Zhao et al., 

2015) 

vph1 aa 50-

300∆ 

SF838 5Aα Vph1 aa 50-300∆::URA3 (Banerjee et al., 

2019) 

VPSD  SF838 5Aα Vph1NTproximal Stv1NTdistal-Vph1CT This study 

SPVD  SF838 5Aα Stv1NTproximal Vph1NTdistal-Vph1CT This study 

rav1∆ SPVD SF838 5Aα rav1∆:: URA3 

Stv1NTproximalVph1NTdistal-Vph1CT 

This study 

 

Table 2.1: Yeast strains used in this study 

 

 

Primer 

name 

Sequence (5’→3’) 

SIV F 5’-

GGCAGAGAAGGAGGAAGCGATTTTTCGCTCTGCTGAAATGGCTT

TAGTC C-3’ 
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SIV R 5’- 

CGAGCTTGCAAAGTAGCCAATTCGTCTCTTGGTATCCAACCTTC

AGC-3’ 

Rav1Ura

3F 

5’-

TTGAGAAAGTAAACAAACGTGCACACGCAAAGGTAGTTCTCAT

GT CATTGTGAGAGTGCACCACGCTTTTC-3’ 

Rav1Ura

3R 

5’-

CAGAGTCGTTTGGCGCTTTTGGAGTTAAATTCTCTTTATGCTGAG

AAT ATGAAGGAGAGAGTTTTGCTGGCCGCATCTTCT-3’ 

Vph1NT 

5’ 

BamH1 

5’- GCGGATCCATGGCAGAGAAGGAGGAAGCG-3’ 

Vph1NT 

3’FLAG  

5’-

CTACTTGTCATCGTCGTCCTTGTAGTCATCCAGGACTTGGATAAT

GGATGGGACATCAATACCCAATCTTGCGAT-3’ 

Stv1NT 

133F 

5’-

GGAAGAAAGATTGATTCAATTAGATGAATCTTTAGATAGCCTT-

3’ 

Stv1NT 

324R 

5’-

GGCATATAAGGCATATAATTCACTTTCTAAAGTTTGTTCGGTAG

TATCCAGG-3’ 

Vph1NT 

124F 

5’CGAATCCCGTGCAAGGCAAATGGAGGATGCAACCGATCAAAT

T-3’ 
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Vph1NT 

294R 

5’-

AACGAGCAGTTCTGTGTGTAAAGTGGTAGAAGTGGTTTTCAAAA

C-3’ 

Vph1NT-

1F 

5’ ATGGCAGAGAAGGAGGAAGCGATTTTTCGC 3’ 

Vph1NT-

372R 

5’ ATCCAGGACTTGGATAATGGATGGGACATCAATACCC 3’ 

W83 

Vph1F 

5’- AAG AAA CAC GAT ATT AAG CTC TAC TGG AAG TAT ATT 

TTA CAT GAA GGA GAC ACG GAC AAA TAT TTG GAC GGC TCA 

GGT GAA-3’ 

Stv1W83

Vph1R 

5’- 

CGCCTTTTCACGGGTAACATCTTGGAACCAAGAGTCCAATTCTT

TGGC-3’ 

 

Table 2.2: Oligonucleotides used in this study 
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Our knowledge of how different a-subunit isoforms confer V-ATPases with 

distinct regulatory capacities and how these capacities enable them to respond to multiple 

signals is limited. The overall goal of this work is to determine where two of the 

organelle specific regulatory interactions reside in the aNT domain and  how these 

different regulatory inputs are integrated to control V-ATPase function. To address this 

goal, first, we aimed to dissect the aNT domain of yeast a-subunit isoforms by 

constructing chimeras that combine different parts of yeast aNT domains. Second, the 

bacterially expressed aNT chimeras were then used to determine the regions of RAVE 

and PIP dependent regulatory interactions in in vitro binding assays. Third, the chimeric 

proteins were then expressed in yeast as full-length enzymes to characterize their 

biochemical and regulatory properties. Our results from in vitro studies enabled us to 

narrow down the RAVE binding site in Vph1NT. In addition, it provides important 

information about the sufficiency of a previously identified Stv1NT PI4P binding site as 

well as hints on the possible presence of additional PI4P binding sites in other regions of 

Stv1NT. Surprisingly, when expressed in yeast one of the chimeras exhibit wild type 

level V-ATPase assembly and activity in isolated vacuoles despite its altered regulatory 

properties. This chimera responds differently to distinct stress conditions including 

providing growth advantage over wild type under specific stress condition. Thus, our 

results indicate that it is possible to not only preserve basal V-ATPase activity but also to 

have a growth benefit under distinct stresses even when enzymes regulation is altered. 

The overall structure of the V-ATPase is very conserved and therefore insights from this 

study can be utilized to test if these findings be generalized for a larger group of V-

ATPases. In the next section, I will propose some interesting questions that remain to be 



149 
 

answered. I will also provide potential answers and possible experimental procedures that 

can be undertaken to address these questions. 

 

The Vph1NT-Rav1 interaction 

 

Rav1 (679-898) shows isoform specific interaction with Vph1NT. Stv1NT shows 

no binding with this Rav1 fragment. In chapter 2, using chimeric aNT constructs we 

narrowed down the structural features of Vph1NT that confer preferential binding of 

Rav1 to Vph1NT over Stv1NT. Although the proximal end of Vph1NT was found to be 

important for RAVE binding, the exact mechanism of how RAVE binding to the 

proximal end of Vph1NT affects enzyme assembly is not known. Both proximal and 

distal end domains of Vph1NT are collapsed in isolated Vo (Couoh-Cardel et al., 2015). 

Presumably, by binding to the proximal domain of Vph1NT, RAVE could help pull 

proximal domains of Vph1NT into the more peripheral position seen in the V-ATPase 

holoenzyme from the collapsed position adjacent to Vo subunit d seen in the 

disassembled Vo (Stam & Wilkens, 2017). Alternatively, RAVE-Vph1NT interaction can 

pull proximal end into a more peripheral position which may help set the distal end in a 

position where it is more exposed to form the quaternary complex with the foot domain 

of subunit C and the appropriate EG peripheral stalk, which is likely to be a critical step 

in reassembly (Oot et al., 2017).    

Further mutational studies are required to identify the key residues of the Vph1NT 

proximal end that are involved in Rav1 binding. Recent structures as well as the 

comparison of the homology models of Vph1NT and Stv1NT reveal a number of surface 
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amino acids that differ between the two isoforms but are conserved in the corresponding 

isoforms in closely related species. Introducing point mutations in the proximal end 

surface residues that differ between Vph1p and Stv1p would help to further narrow down 

the specific binding sites. One possibility would be to target the region of the proximal 

end where there is a binding site for subunit d in the isolated Vo (Stam & Wilkens, 2017). 

If RAVE shares the same binding site on Vph1NT with subunit d it would suggest that 

RAVE may compete with subunit d for aNT binding, thereby helping to change the 

conformation of aNT from the free Vo state to a more peripheral conformation in 

preparation for enzyme reassembly. However, the region of aNT proximal end where 

subunit d binds it not very well defined (Stam & Wilkens, 2017). Therefore, pursuing this 

potential would require further structural analysis.  

Candidate mutants can be characterized in vitro by their binding to Rav1 (aa 679-

898) as well as in vivo by comparing their assembly properties with wildtype Vph1NT. It 

would be interesting if replacing Vph1NT surface residues with Stv1NT amino acids at 

those positions results in decreased binding to Rav1 (679-898). Amino acids necessary 

for binding can also be tested for sufficiency by introducing Vph1NT amino acids in 

those positions of Stv1NT amino acids and testing for increased binding in vitro. 

Incorporation of the mutations that lack intact Rav1 binding site in vivo is expected to 

result in poor assembly of Vph1p containing V-ATPases. More importantly, the 

sufficiency of the candidate residues can be tested by introducing these Vph1NT residues 

into Stv1p to determine if they can make the assembly of Stv1p containing V-ATPases 

RAVE dependent. 
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Determining the precise region of Vph1NT important for RAVE binding would 

help to predict the isoform specificity of Rabconnectin-3 toward human a-subunit 

isoforms in higher eukaryotes. Rabconnectin-3 is a functional homologue of RAVE in 

higher eukaryotes. Rabconnectin-3 complex is a heterodimer consisting of Rabconnectin-

3α and Rabconnectin-3β subunits (Kawabe et al., 2003; Nagano et al., 2002). DMXL1 

and DMXL2 are two isoforms of Rabconnectin-3α which are enriched in different tissues 

(Fagerberg et al., 2014; Kraemer et al., 1998). Previous data support the idea that 

Rabconnectin-3 complexes containing different DMXL isoforms can influence V-

ATPase activity in a tissue-specific manner (Bodzeta et al., 2017). In zebrafish, DMXL2-

containing Rabconnectin-3 complexes promote assembly and activity of V-ATPases on 

hair cell synaptic vesicles (Einhorn et al., 2012). Knockdown of Rabconnectin-3α inhibits 

V-ATPases located in synaptic vesicles. DMXL2 and Rabconnectin-3β subunit WDR7 

share some homology with Rav1. Yeast two-hybrid analysis suggests DMXL2 aa. 1164-

1583 and WDR7 aa. 980-1320 have binding sites for V-ATPase subunit isoforms E2 and 

a1NT (Unpublished data). Both DMXL2 and WDR7 are enriched in brain. We have only 

tested interaction of DMXL2 and WDR7 with a1 isoform which is also enriched in brain. 

As previously mentioned, V-ATPases that contain the a1 isoforms has been shown to 

reversibly disassemble. However, if Rabconnectin-3α and Rabconnectin-3β is isoform 

specific is not known.   

High resolution structures of a1 containing V-ATPases from various sources are 

available (Abbas et al., 2020; Wang et al., 2020). Pairwise sequence alignment suggests 

the a1 isoform share a high degree of identity and similarity with the Vph1NT in the 

proximal end. Given the high degree of structural similarities within and between 
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mammalian and yeast a-subunit isoforms homology models of other human a-subunit 

isoforms can be generated using similar strategies described for yeast isoforms. Fitting 

the homology models in the available cryo-EM density map will provide structural 

insights about other a-subunit isoforms. 

 

Vph1NT-PI(3,5)P2 interaction  

Despite functional evidence of in vivo binding of Vph1NT with PI(3,5)P2 no 

direct in vitro binding was observed in liposome binding assays. The Wilkens lab has 

recently developed a high throughput in vitro system to reconstitute V-ATPase into 

nanodiscs (Sharma & Wilkens, 2017). The immobilization of V1Vo or Vo in nanodisc 

(V1VoND/VoND) for Biolayer interferometry has provided a premise to test the direct 

effect of cellular factors that affect the activity or assembly of V-ATPase. In vitro 

reconstitution of Vph1 V-ATPase in presence of PI(3,5)P2 may help characterize the 

direct effect of PI(3,5)P2 on Vph1. V-ATPase holoenzyme can be purified and 

reconstituted in a lipid nano-disc (Sharma & Wilkens, 2017). V-ATPase stability and 

activity are higher when vacuolar lipids, instead of E. coli membrane lipids, are used for 

lipid nano-disc reconstitution of V-ATPase (Sharma & Wilkens, 2017). E. coli membrane 

lacks PIP lipids (Strahl & Thorner, 2007). Incorporating PI(3,5)P2 in a nano-disc during 

reconstitution may further enhance V1-Vo stability and activity. Lipid nano-discs can 

potentially be designed to contain specific lipids of interest, in specific ratios. However, 

whether the added exogenous PI(3,5)P2 will be inserted into the nanodisc at the levels 

provided is not known. Thin-layer chromatography can be used to characterize the lipid 
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content in the nanodisc both qualitatively and quantitatively (Medh & Weigel, 1989). As 

vacuolar lipids from vac14Δ mutants will be deficient in PI(3,5)P2, it would be 

interesting to reconstitute V-ATPase in lipids isolated from a vac14Δ mutant. Possibly, 

V-ATPase activity will comparatively decrease upon reconstitution into such nano-discs 

and could be rescued by addition of PI(3,5)P2. We would expect a similar outcome with 

distal end PI(3,5)P2 activation mutants as well as Vph1-WKY mutants. The distal end 

mutants supported wild type level activity but have compromised PI(3,5)P2-dependent 

V-ATPase activation. If there is lack of PI(3,5)P2 binding in the vacuolar vesicles from 

which we prepare nanodisc, we would expect a basal level activation of V-ATPase. It 

would be interesting to see if reconstituting SPVD chimera with its increased PI(3,5)P2 

binding capacity results in increased activation of Vph1-V-ATPases. One major 

implication of this reconstituted system is that the activation of Vph1 V-ATPases by 

PI(3,5)P2 in this system would suggest that PI(3,5)P2 binds directly to activate Vph1 V-

ATPases, as no other protein is present to mediate this effect.  

 

aNT interactions with aldolase 

 In a previous section we have discussed many cellular factors that affect V-

ATPase functions by interacting with aNT domain. The binding sites on the a2NT that 

are involved in interaction with ARNO are mapped to the proximal end amino acids 1-17 

(Marshansky et al., 2019). An a2NT-derived synthetic peptide pull-down approach was 

applied to determine the binding sites. Chimeras of Vph1NT and Stv1NT provides 

important insights about binding sites of RAVE and PIP lipids. However, the molecular 
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details of the interactions with aldolase mostly remain unknown. Since aNT serves as a 

regulatory hub in V-ATPase and is involved in multiple interactions with other subunits 

of V1- sector of V-ATPase, the question arises of how and when subunit a interacts with 

aldolase. Identifying aldolase binding sites will improve our understanding of how 

aldolase regulates V-ATPase assembly. Yeast chimeric aNT proteins can provide 

important information about broadly determining aldolase binding sites which can 

subsequently be applied to further narrow down the key residues of aNT involved in 

aldolase binding. 

 

Cellular localization of chimeric and mutant proteins 

Many questions regarding the precise cellular location of the chimeric VPSD, 

SPVD protein and Vph1-WKY mutants remain unaddressed. Although now it is well 

accepted that the information for targeting is present in the aNT domain, the key residues 

involved in targeting the isoforms to their distinct membrane is not known yet. Therefore, 

it is hard to predict the exact localization of the chimeric aNT-containing proteins which 

are constructed by combining different parts of the yeast aNT isoforms. Hypothetically, if 

the information for targeting is present in the proximal end of both isoforms, then we 

would expect VPSD to be in the vacuole and SPVD in the Golgi. The opposite would be 

true if the information for targeting is present in the distal end of both isoforms. 

Interestingly, a dual localization pattern in both vacuole and Golgi may be expected if the 

residues involved in targeting are found to be more spread out throughout the aNT 

domains. In chapter 2, we observed equal amounts of the SPVD chimera and wild-type 
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Vph1 constructs as well as other V-ATPase subunits in isolated vacuoles. The Vph1-

WKY mutant also exhibits wild type levels of V1 and Vo subunits in the isolated 

vacuoles. Previous data suggest that the trafficking machinery for Golgi localization is 

easily saturable and that the VPH1 promoter is much stronger than the STV1 promoter, 

resulting in increased expression of protein from the VPH1 promoter (Manolson et al., 

1994). It is highly likely that the in vivo expression of chimeric and mutant constructs 

under strong the VPH1 promoter results in predominant vacuolar localization, as is clear 

from the vacuole isolation experiments. It is possible the VPSD mutant is mislocalized, 

but it may also be unstable. Vph1NT-WKY mutant binds to PI4P liposomes comparably 

to Stv1NT but significantly better than Vph1NT. An interesting question to pursue in 

future is if PI4P binding was sufficient to retain Vph1 in the Golgi. To address this question, 

the region containing the Stv1NT K84 sequence will be incorporated into Vph1NT-GFP 

under Stv1 promoter to determine whether Vph1NT is now recruited to Golgi in a PI4P-

dependent manner. 

 

Biochemical characterization of Anc.a 

Using ancestral gene reconstruction approach, the Stevens lab was able to predict 

and generate the most recent common ancestor of Vph1 and Stv1 and test its function in 

S. cerevisiae (Finnigan et al., 2011). They observed that Anc.a localized to both the 

Golgi/endosomal network and vacuolar membrane. Acidification of both of these 

compartments was also noticed. Interestingly, for Golgi localization, Anc.a did not 

require the modern-day retrograde transport to be retrieved from the late endosome to the 
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Golgi. Rather, it traffics slowly along the anterograde pathway and acidified both 

compartments en route to the vacuole.  

A duplication event within fungi gave rise to two a-subunit genes (Finnigan et al., 

2011). Structurally Anc.a is highly conserved with yeast and mammalian a-subunits as 

predicted by Phyre.2 generated homology model. Anc.a also has a high sequence 

similarity with both Vph1 and Stv1 especially in the C-terminus region. It shares 53% 

sequence identity with Vph1NT and 38% with Stv1NT. The pre-duplicated a-subunit, 

trafficked slowly and as a result of this displays a dual localization pattern and acidify 

both compartments (Finnigan et al., 2011). It seems to differ from the modern-day yeast 

a-subunit isoforms in many ways especially with regards to its trafficking and interaction 

with regulatory factors. Previous results suggested unique trafficking of Anc.a where 

instead of retrieving back from endosome the Anc.a maintains the Golgi localization by 

slow anterograde transport en route to the vacuole (Finnigan et al., 2011). Multiple 

sequence alignment showed that the Anc.a lack the established PIP lipid binding residues 

(Banerjee et al., 2019; Banerjee & Kane, 2017; Finnigan et al., 2011). Consistent with 

that our preliminary data suggests poor or no interaction with PI4P and PI(3,5)P2. It 

appears that the Anc.aNT does not even show improved PIP binding upon addition of 

residues previously implicated in PIP binding. In addition, no interaction is observed in 

anc.aNT and Rav1 (679-898) protein pull-down assays. These in vitro data suggest that 

with only one isoform they may lose some regulatory capacities. This generates several 

important questions regarding Anc.a enzyme regulation and biochemical properties. How 

the activity of Anc.a is regulated in response to different signals? Is regulation by 

reversible disassembly retained in Anc.a? If it is, then how would the lack of apparent 
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RAVE binding affect their assembly kinetics? How active the Anc.a is in the vacuole? 

Does it form a functional fully assembled and coupled complex in the vacuole? Many of 

these questions can be addressed by performing biochemical characterization of the 

Anc.a enzyme complex. In vivo expression of Anc.a in a vph1∆stv1∆ strain under Vph1 

promoter and vacuole isolation will give information about activity, assembly, and proton 

pumping. Immunoprecipitation from whole cell lysate under varying glucose conditions 

can be performed to determine if reversible disassembly occurs in Anc.a. Bioinformatic 

analysis suggests that the regulatory mechanisms may potentially be added on during the 

course of evolution as described in the Appendix. 

 

Distribution of a-subunit in mammals 

Studies on yeast V-ATPase have enabled us to gain important insights into many 

complex biological processes such as organelle specific regulation, responses to stress 

and so on. The simple isoform composition of yeast cells has made the studies on V-

ATPase comparatively easier. The human V-ATPases however, are more complex, due to 

the presence of many tissue and organelle enriched isoforms in humans. Therefore, many 

fundamental questions regarding human a-subunit isoforms are still less well understood. 

In general, the spatial distribution of human a-subunit isoforms in a human cell is not 

clearly known. More specifically, in what organelles they are residing in cells and 

whether the distribution varies between cells remain unaddressed. Although the a4 

isoform has found to be predominantly present in the plasma membrane of renal 

intercalated cells and epididymal clear cells, the other isoforms a1, a2 and a3 are 
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ubiquitously expressed in the tissues examined so far (Oka et al., 2001) (Frattini et al., 

2000; Pietrement et al., 2006; Smith et al., 2000; Toyomura et al., 2000). The a2 isoform 

is mainly found in the Golgi and endosome (Hurtado-Lorenzo et al., 2006; Sun-Wada et 

al., 2006; Toyomura et al., 2003). The a1 isoform is reported to be localized to 

presynaptic nerve terminals and the a3 is in the plasma membrane of the osteoclast 

(Morel et al., 2003; Toyomura et al., 2003). However, both a1 and a3 have been 

suggested to be present in lysosome. In case of a3 there are clear evidence that its 

distribution varies between secretory lysosome and plasma membrane. a3 is localized to 

lysosomes and appears to undergo movement to the plasma membrane upon 

differentiation of these cells into mature osteoclasts (Toyomura et al., 2003). In addition, 

there are splice variants for many subunits. The mouse a4 subunit exists as two splice 

variants a4-I and a4-II, which show distinct tissue and developmental expression patterns. 

a4-I is found in kidney, heart, lung, skeletal muscle and testis, whereas a4-II is detected 

in lung, liver, and testis. In humans, similar splice variants of the a4 subunit exist as well 

(Smith et al., 2000). 

We need to know the answer to these fundamental questions in order to address 

the more specific questions such as how the differential distribution of isoforms would 

affect enzyme regulation. Like a-subunit isoforms, the distribution of PIP lipids also 

varies in cells. There are many studies suggesting that PIP lipids can regulate organelle 

acidification in higher eukaryotes. The differential distribution of PIP lipids combined 

with specific PIP binding could reinforce isoform distribution as well as support isoform 

specific regulation in higher eukaryotes. A secondary accumulation of PI4P late in 

phagocytosis is required for proper phagosomal acidification in macrophages (Levin et 
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al., 2017). PI4P-deficient phagosomes fail to acidify through an unknown mechanism. 

The a2 or a3 isoform could be susceptible to PI4P levels in maturing phagosomes. V-

ATPase activity has also been linked to vacuolization of podocytes arising from altered 

PI(3,5)P2 metabolism, but the a-subunit isoform present in the vacuoles is unknown 

(Schulze et al., 2017). Overall, binding to specific PIP lipids on different compartment 

membranes could impart distinct properties on mammalian V-ATPases containing 

different a-subunit isoforms.  

Mutations in almost all of the isoforms are associated with certain diseases. 

Mutations in human a2 isoform results in Cutis Laxa syndrome (Kornak et al., 2008). 

Mutations in a3 lead to the defective bone resorption phenotype associated with 

osteopetrosis (Frattini et al., 2000). Mutations in a4 cause the defective urinary acid 

secretion associated with renal tubular acidosis (Smith et al., 2000). Understanding the 

regulatory processes will further enrich our knowledge on the diseases associated with 

mutations in the a-subunit isoforms. Specifically, it will help determine if any of the 

disease mutations fall in the regions where the information for regulatory interaction 

reside in the human a-subunit isoforms. 
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There is not much information available about the regulation of Anc.a. In this 

section, we aimed to investigate how the RAVE and PIP lipid regulatory properties of 

Anc.a varies compared to Vph1 and Stv1. Using bacterially expressed Anc.aNT construct 

we attempted to characterize its interaction with RAVE and PIP lipids. Our preliminary 

results suggest that Anc.a lacks RAVE and PIP binding information. We have also 

performed bioinformatics analysis to look at the evolution of a-subunit isoforms from 

Anc.a to identify when the PIP binding residues (WKYILH in the proximal domain and 

KTRYKHK in the distal domain) evolved in Stv1 and Vph1 isoforms. 
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Figure 1: Bacterial expression and purification of Anc.aNT.  A pRS415 plasmid 

containing HA tagged Anc.a under VPH1 promoter was used as a template to sequence 

the Anc.a DNA. The HA tag was deleted (for future biochemical characterization) from 

this plasmid before sequencing. A. The Anc.aNT (aa. 1-396) was cloned in E. coli in a 

pMAL expression vector as a MBP fusion protein with a Prescission protease site and a 

C-terminal FLAG tag. A Coomassie stained gel of purified Anc.aNT showed the 

expression of Anc.aNT is similar to the expression of Vph1NT and Stv1NT. 
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Figure 2: Anc.aNT does not bind to Rav1 (679-898). Anc.a is 53% identical to the 

Vph1, 38% identical to Stv1. The majority of the identical residues reside in the N-

terminus region. In Chapter 2, we have shown that RAVE binding site reside in the 

proximal end of Vph1NT. We sought to identify if Anc.aNT also has the information for 

RAVE binding. To address this, we performed similar pull-down assays as described in 

Chapter 2 and (Jaskolka & Kane, 2020). The Rav1 (679-898)His6 fragment was used to 

pull-down Anc.aNT and the bound proteins were eluted in sequential fractions after 

addition of imidazole (F1-3: Fractions 1 to 3). For the no Rav1 control, the Anc.aNT 

protein was mixed with TALON resin in absence of Rav1. Anti-FLAG monoclonal 

antibody was used to probe for Anc.aNT while anti-His6 antibody was used to probe 

Rav1 (679-898)His6. M: molecular mass markers, I: input. This preliminary data suggests 

that Anc.aNT does not bind to RAVE as it did not co-elute with the Rav1 fragment. This 

experiment requires multiple repeats to confirm the findings. 
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Figure 3: Anc.aNT shows poor binding to PI(4)P and PI(3,5)P2 in liposome pelleting 

assay. Finnigan et al, 2011 showed that unlike modern day yeast a -subunit isoforms, 

Anc.a localizes to both Golgi and vacuole. However, it lacks the residues previously 

implicated in PI(4)P-dependent retention of Stv1 in the Golgi and PI(3,5)P2- dependent 

activation of Vph1 in the vacuole (Finnigan et al., 2011). In chapter 2, we have shown 

that additional sequences in the Stv1NT domain may also promote PI(4)P binding. We 

performed liposome pelleting assays as described in chapter 2, to determine if Anc.a 

binds to any of these two PIP lipids probably by using any other sequences from its NT 

regions. As expected, it shows little or no binding to both lipids. 
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Figure 4: Anc.aNT does not acquire PIP binding upon addition of PIP binding sites 

The WKYILH site was sufficient for PI(4)P binding of Vph1 which we have shown in 

previous chapter. We have constructed Anc.aNT mutant in which Stv1NT W83KYILH 

sequence was added. But unlike Vph1NT, the Anc.aNT did not acquire PI(4)P binding 

upon addition to this region as shown in liposome pelleting assay using PI(4)P liposome 

in A. This was not surprising as previous studies showed that Anc.a does not maintain a 

steady state Golgi localization instead it acidifies Golgi en route to the vacuole by slow 

anterograde transport. The slow transport along the pathway may retain it in the Golgi 

longer than Vph1 but not long enough to require a similar PI(4)P dependent retention that 

happens in case of Stv1. (I’d take out the previous two sentences.  They aren’t relevant to 

behavior of the expressed protein.) B. Similar to Anc.aNT-WKY mutant, adding 

Vph1NT KTREYKHK sequence to Anc.aNT also could not improve PI(3,5)P2 binding. 

 

 

 

 



169 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B C 

A 



170 
 

Figure 5: Evolution of K231TREYKHK and W83KYILH sequences in modern 

species A. This figure is borrowed from the article by Finnigan et al, 2011 published in 

the journal Molecular Biology of Cell (mBoC). They performed in silico reconstruction 

of ancestral protein sequences. Briefly, the amino acid sequences from modern species of 

the query protein were collected to generate a phylogenetic history that describe the 

relationship between species. To predict the most probable ancestral state of the query 

protein Maximum Likelihood method was used in which an amino acid residue is 

predicted to be present within an ancestral sequence based on the proportion of 

occurrence within the sequences of modern species and their specific phylogenetic 

relationship. As described previously, the Anc.aNT lacks the residues previously 

implicated in PI(4)P and PI(3,5)P2 binding. Here, we attemped to look at the evolution of 

anc.a- subunit to identify from where the PIP binding residues (WKYILH and 

KTRYKHK) evolved in Stv1 and Vph1 isoforms and if the pattern of evolution of these 

two stretches of sequences correspond to the phylogenetic relationship of the modern day 

fungal species. B. C. To address these questions, first, we performed fungal blast of all 

the species mentioned in the tree using SGD (Saccharomyces Genome Database). Then 

to predict the degree of similarities of the two PIP binding regions among the modern 

species, we performed multiple sequence alignment. 

 

 

 

 

 



171 
 

No distinct pattern of evolvement of KTREYKHK sequence was observed among 

the modern fungi that contain Vph1 isoform. Y. lipolytica, a very close descendant of 

Anc.a, has very little similarity with the K231TREYKHK sequence with only the K238 

being conserved. P. pastoris which lies a little further distant from the Y. lipolytica but 

still close to the Anc.a has acquired some additional sequences that are similar to 

T232RE in addition to the conserved K238. Most of the other fungi that are more distant 

from Anc.a but close to S. cerevisiae display similarities in the some of the middle 

residues but almost all of them conserve the K231 and K238 residues. Anc.a and Stv1 

also have these two residues conserved in addition to a middle residue E234. Together, 

the emergence of KTREYKHK along the inferred phylogenetic tree does not follow any 

distinct pattern.  

Closest modern decendants, Y. lipolytica and P. pastoris, lack the W83KYILH 

sequence but half of the more distant species in the tree acquire almost all the residues. 

These species are descendants of a common intermediate level ancestor. The remaining 

half of the species in the tree did not acquire any of the residues and these species are 

descendants of another common intermediate level ancestor. Therefore, it is likely that 

the most common ancestor of these two intermediate stage ancestors (represented by blue 

arrow in A) may acquire the W83KYILH sequence and one of the immediate 

descendants acquired the full sequence and carried it throughout the evolution.  In 

contrast, the other immediate descendant obtained a very few residues which were 

eventually lost in the modern species. 
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