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Abstract . i' 

All eukaryotic cells contain pumps found on either vacuoles or lysosomes known as V

ATPases. These pumps cleave ATP and pump protons across the membrane to help 

maintain the appropriate pH, among other things. Because this pump acts upon the 

energy source of the cell, it is crucial that it become inactive and ceases expending 

energy. This is accomplished through reversible disassembly. 

There are two domains of the V -ATPase, a peripheral VIand a membrane-bound Yo. 

Subunit d is unique in that it is the only subunit ofVo that is peripheral to the membrane 

on the cytosolic side. This subunit also contains three highly conserved cysteines. 

Through site-directed mutagenesis, they have been changed to alanine. Analysis of these 

mutants has been done through enzymatic assays and cross-link experiments. 
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Introduction 

Within the cell there is a myriad of proteins, most of which are crucial for the survival of 

the cell. Each performs a necessary function. The V-ATPase is not just one protein, but 

a complex composed of at least fourteen unique proteins; the quaternary structure, or how 

these proteins combine, is uncertain. Each individual protein is termed a subunit and 

contributes to the function of the V-ATPase. These subunits form two very distinct 

domains, VI and Vo (1). The VI domain is peripheral to the membrane while Vo is 

membrane bound. The eight VI subunits are named with capital letters and the six Vo 

subunits are lower case letters. VI has three A subunits, responsible for binding 

adenosine triphosphate (ATP). There are three B subunits interspersed between the A 

subunits and it is thought that they playa regulatory role. Together, these subunits 

compose the catalytic portion of V-ATPase (1). There are also subunits C, D, E, F, G, 

and H. These subunits form two distinct stalks, most likely acting as a stator and a rotor 

for the V-ATPase. The Vo domain contains a proton pore composed of the proteolipids c, 

c' , and c" and there are three additional subunits in Vo, a, d, and e. These three subunits 

are not part of the proton pore and their functions are not known (1). While it is known 

that these two domains can be found separate from each other in the cell, the V-ATPase 

is not functional unless they are coupled. 

The V -ATPase is a proton pump found on the membrane of intracellular compartments, 

such as the vacuole, lysosome, Golgi apparatus, and endosome. The V-ATPase is present 

in all eukaryotic cells and in some specialized cells, such as osteoclasts, they are located 

on the plasma membrane as well as on organelle membranes (2). As an enzyme, the V-
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ATPase is named for its function- it acts upon ATP and is located on the vacuole. The 

ATP is bound to the catalytic portion of V 1, the A subunits. It is then hydrolyzed to 

produce adenosine diphosphate (ADP) and an inorganic phosphate. These are released 

into the cytosol. Two to four protons from the cytosol are then pumped through the 

proton pore into the vacuole or other cellular compartment. This relocation of protons 

and the ATP hydrolysis is important for several reasons. The maintenance of a constant 

pH is critical for the cell. If the pH varies, the cell can be very adversely affected. A low 

or high pH can cause denaturation of proteins and many cellular functions would then 

fail. A second reason for the V-ATPase is the formation ofa proton gradient. When the 

protons are pumped into a vacuole, the pH inside that vacuole falls because of an 

increased concentration of protons. In comparison, the cytosol outside of that vacuole 

has a lower concentration of protons and a higher pH. This difference in pH is an 

electrochemical gradient and allows transportation of ions and nutrients as well as protein 

sorting. The V-ATPase has been a target for viral entry into cells, osteoporosis, and 

metastasis of cancer (2). Figure 1 shows the possible structure of V -ATPase, with 

subunit d highlighted, VI in dark gray and Vo in lighter gray. 

Figure 1. V-ATPase 
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Because V-ATPase expends energy through the hydrolysis of ATP, it is very important 

that this enzyme be carefully regulated. As mentioned earlier, the complex dissociates. 

It is known to dissociate when the cell is deprived of glucose, the nutrient that is 

converted into energy (1,2). During this reversible disassembly, the Vo domain remains 

membrane bound while the VI domain becomes free in the cytosol. This is fairly unique 

because often the cell degrades a protein that is inactive. The V I domain is not degraded, 

however. When the glucose is restored to the cell, the V-ATPase reassembles and 

becomes an active proton pump (3). The exact mechanism for this reversible 

disassembly is uncertain, but the general disassembly is shown in figure 2. 

Figure 2. Reversible Disassembly o/V-ATPase 
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Within the Vo domain, subunit d is of interest because it is the only subunit located 

peripherally on the cytosolic side of the membrane. It is not part of the proton pore and it 

has been suggested that subunit d could be involved in the assembly and stabilization of 
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the V I Vo complex. Subunit d has a molecular weight of 36 kDa and is encoded by the 

gene VMA6 (4). The protein is sometimes referred to as Vma6. To elucidate the 

function of subunit d, the amino acid sequence for Saccharomyces cerviceae (yeast, the 

model system) was analyzed to determine highly conserved regions. These conserved 

amino acids are often indicative of a critical amino acid for the structure or function of 

the protein. If an amino acid plays a crucial role in the structural and functional coupling 

of the two domains, the activity and structure of V -ATPase could potentially be disrupted 

by the mutation to the nucleotide sequence ofthe gene. Within Vma6, there are three 

highly conserved cysteines. These cysteines are of interest because, along with three 

conserved cysteines in subunit a, they are the only conserved cysteines in Yo. 

Cysteine is of special interest because it is the only amino acid containing sulfur. Sulfur 

is known to form a special bond, the disulfide bridge, in oxidized environments. The 

formation ofthese disulfide bridges can cause structural changes in the immediate area 

around the two cysteines that can then lead to a ripple effect, causing more drastic 

structural changes. It has been proposed that the formation of a disulfide bridge can lead 

to changes that cause disassembly of the two domains. Subunit A has conserved 

cysteines and it is known that disulfide bridges form within these subunits (5). However, 

when ATP is present in an oxidized environment, subunit A will bind to it, making the 

formation of the disulfide bridges impossible. Because the disassembly of VI and Vo still 

occurs, the disulfide bridges must be forming elsewhere (6). As mentioned above, there 

are three conserved cysteines in subunit d at the 127t1
" 165'\ and 329th positions and the 

peripheral location makes subunit d an ideal candidate for the assembly of the two 
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domains. To determine if the cysteines in subunit d are forming the disulfide bridges 

responsible for disassembly and inactivation of the V-ATPase under oxidative conditions, 

these three cysteines are individually mutated to alanine. Alanine is an amino acid 

lacking the sulfur group and thus unable to be part of a disulfide bridge. 

Site-directed mutagenesis utilizes both the protein sequence and the genomic sequence of 

nucleotides. By using the three nucleotides that code for a single amino acid, it is 

possible to change a single nucleotide and thus change the amino acid in the protein. The 

mutagenesis process involves the design of two primers, one to read each strand of DNA, 

and these primers must contain the mutation in the center, with a high number of 

guanines and cytosines to form as many hydrogen bonds as possible. Once the primers 

have been prepared, they are used with wild-type yeast and the mutation is created 

through the use of polymerase chain reaction (PCR). 

When the mutation has been confirmed, each mutated strain, C127A, C165A, and 

C329A, is characterized through whole cell lysis and immunoprecipitation to determine if 

all subunits are present and ifthe VIVO complex has formed. The cells containing the 

mutation are plated on several different media to determine their phenotypes. If the cells 

have a wild-type phenotype, they will grow well and this is another indicator of all 

subunits being present. Once these experiments are complete, vacuolar preparations are 

done to harvest only the V-ATPases on the membranes of the vacuoles. These V

ATPases are then used in assays to determine the specific activity ofthe mutated V

ATPases. Lastly, the vacuolar vesicles are used in cross-linking experiments that use an 
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oxidizing agent to initiate the formation of the disulfide bridges. The cross-link results 

for C127A, C165A, and C329A can then be compared to the results from the Vma6 wild

type vesicles. 
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Materials and Methods 

Primer Design. The most valuable mutations are mutations to amino acids that are 

highly conserved among many different species. To determine which amino acids have 

been conserved, the protein sequence for Vma6 was obtained from the yeast genome 

(www.yeastgenome.org) website and then the NCBI Blast homepage 

(www.ncbi.nlm.nih.govIBLAST) was used to obtain the VMA6 sequence in other 

species. Ideally, four to six other organisms should be found and copied to a text file. 

Any numbers and spaces in the sequences were removed. Once the protein sequences 

had been found, the ClustalW page (www.ebi.ac.uklclustaIwl) was used to generate a 

sequence aligmnent. In the sequence aligmnent, amino acids above (*) indicate a 

completely conserved (unchanged) amino acids, while (:) means that only conserved 

changes have been made (charges remain, size similar, etc.) and (.) represents a residue 

conserved in two of three species. The amino acids that have been conserved are vital for 

function and structure, so these are the amino acids likely to yield interesting results 

when mutated. 

After the sequence aligmnent was complete and three amino acids (Cl27, C165, and 

C329) had been selected for mutagenesis, the primer must be designed. A search of the 

yeast genomic database (http://genome-www.stanford.eduiSaccharomycesl) for VMA6 

under the gene/sequence resources link with 100 flanking basepairs both upstream and 

downstream generates the DNA sequence for this gene. The GCG of the 6-Frame 

Translation was the necessary format for analysis. The start codon is ATG and occurred 

100 basepairs into the sequence. The open reading frame B represented the yeast 

10 



sequence. To find the DNA sequence at the desired point of mutation, the amino acid 

sequence earlier generated was useful. Once the codon for the desired cysteine residue 

had been found, a genetic code table was used to change that codon to alanine. This 

change needed to be incorporated into two oligonucleotide primers that bond to opposite 

strands of the DNA. These primers should be between 25 and 40 bases long and should 

have a melting temperature higher than 78°C. To find the melting temperature, the 

following formula was used. 

T= 81.5 + OAl(%GC) -675/N-%mismatch. 

Where %GC was the percentage of the sequence that is guanine or cytosine, N was the 

number of bases, and the % mismatch was the number of bases that did not correspond to 

the DNA sequence for wild-type VMA6. The percentages are both whole numbers. The 

mutation should be relatively centered in the primers, there should be at least a 40% 

composition GC, and the primers should end in guanine or cytosine. Once these primers 

were designed, the sequences were sent to MWG Biotech for synthesis and used in the 

next procedure. 

Site-directed Mutagenesis by peR. Mutagenesis works by denaturing the template DNA 

(DNA with no mutation) and using the primers previously designed to lay down on top of 

the template DNA and using Taq polymerase to make many copies of the DNA now 

containing the mutation. dNTP mix contains the nucleotides needed to generate the new 

DNA strands. The original template DNA is destroyed during a digestion after the 

thermocycling. The enzyme used destroys methylated DNA- only the template DNA is 

methylated. 
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To perfonn site-directed mutagenesis, 51ll of lOX reaction buffer, 40lll sterile water, Illl 

(5Ong) pRS3I6 DNA, 1 III (125ng) oligonucleotide primer 1, 1 III (I25ng) oligonucleotide 

primer 2, and 1 III dNTP mix were added in this order to a 50lll PCR reaction tube using 

sterile technique. Lastly, Illl (2.5U) Pfu Turbo Taq polymerase was added to the tube. 

There were no bubbles present. PCR thennocycling followed these parameters. First, the 

sample(s) was heated to 95T for 30 seconds. Then, the samples were cycled through 30 

seconds 95°C, 1 minute at S5T, and 68°C for 14 minutes sixteen times. After the 

thennocycling was complete, the samples were placed on ice for 2 minutes. Illl (IOU) of 

the Dpn 1 enzyme was added and mixed by gentle pipetting. The reactions were briefly 

spun down and then incubated at 3TC for one hour to allow the enzyme to digest the 

methylated DNA. 

Transformation of Supercompetent E. coli Cells. Each new DNA strand carrying a 

mutation to a cysteine must now be reinserted into cells. E. coli cells previously treated 

with calcium chloride have weakened cell walls and can absorb extra DNA, which then 

transfonns these cells so that they then carry the mutation. This process is necessary so 

that the mutation may be verified by sequencing. To propagate the mutated gene in E. 

coli, supercompetent cells were slowly thawed on ice. SOIlI of supercompetent cells were 

aliquoted to each prechilled Falcon 2029 polypropylene tube (one tube for each cysteine 

mutation) that has been optimized for this reaction. I III of the DPNI treated DNA was 

added to the supercompetent cells and gently swirled. The reaction was left on ice for 

half an hour. Then, a heat shock of exactly 45 seconds at 42°C was carried out to cause 

the supercompetent cells to take up the DNA with the mutated gene. The reaction was 
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put back on ice for 2 minutes. 5001LI NZY broth warmed to 42' was added and then 

placed in the incubator at 3TC with shaking at 225 rpm for an hour to allow the cells to 

recover. After this incubation, 2501LI was added to two LB + Amp plates treated with 

IPTG and X-Gal. These plates were placed in the 3TC incubator to allow the cells to 

grow into colonies. 

Miniprep Purification of Mutant Plasma DNA Using the Quantum Prep Protocol. 

Colonies from the transformation previously performed were grown in a liquid culture 

and harvested by centrifugation. 2001LI cell resuspension solution was added to the pellet 

and vortexed until the pellet has been completely resuspended. Next, 2501LI of cell lysis 

solution was added and mixed by gentle inversion of the tube about 10 times. Once the 

solution become clear and thick, 2001LI neutralization buffer was added and mixed by 

again inverting the tube gently 10 times. A precipitate was then present and centrifuged 

for 5 minutes at 14,OOOrpm to remove cell debris. After the centrifugation, the 

supernatant which contained the plasmid DNA was transferred to a spin filter in a 2ml 

wash tube. 2001LI of Quantum Prep matrix mix (completely resuspended before use) was 

added and mixed by pipetting. After centrifugation, the spin filter was transferred to a 

new tube, discarding the filtrate. Wash buffer was added and centrifuged for 2 minutes. 

The washing was repeated once and lastly, the spin filter was placed in a new 

microcentrifuge tube. Plasmid DNA was eluted by adding warm water and centrifuging 

at top speed. These DNA samples were stored at -20T and used for sequencing to 

confirm that the three cysteine mutations took place. 
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Sequencing. The purified DNA harvested in the miniprep was sent out for sequencing. 

Once the sequencing was available, it was compared to the sequencing for VMA6 with 

no mutations. If there are no differences between the two sequences, the site-directed 

mutagenesis was unsuccessful and must be repeated. If the nucleotide sequence is 

different and the codon present in the sample sequence matches the codon for alanine, the 

site-directed mutagenesis was successful and is ready for characterization. 

Whole Cell Lysis The purpose of the whole cell lysis is to determine the presence ofthe 

subunits of V-ATPase. A cell culture of approximately 50mL is grown in minimal media 

(SD-Ura, pH 5.0) and when the cells reach mid-log phase and an optical density of 0.8 to 

1.0 OD/mL they are harvested by centrifugation. The cells are then treated with O.IM 

Tris-HCI pH 9.4 + IOmM DTT to reduce anythiol bonds at the cell wall. After five 

minute incubation the cells are thoroughly washed and then treated with 20U of zymolase 

(2JLL at 10U/JLL) and incubated for 20 minutes with rocking at 30·C. This digests the cell 

walls and will allow the cells to be broken open later. After the digestion the cells are 

washed three times with 13mL 10mM Tris-HCI pH 7.5 + I.2M Sorbitol to ensure that all 

zymolase is removed. The cells are then harvested and resuspended in preheated 

cracking buffer containing 5% /'1-mercaptoethanol and bromophenolblue. This ruptures 

the cells. A Western Blot (using nitrocellulose membrane) is then run to determine the 

presence of varying subunits using different antibodies. 

Immunoprecipitation The first steps of the immunoprecipitation are much like the 

beginning of the whole cell lysis. However, since the purpose of the 
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immunoprecipitation is not to determine if subunits are present but to see if the two 

domains are assembled, the spheroplasts are not lysed using cracking buffer. Instead, the 

spheroplasts are harvested and then resuspended in a lyses buffer of PBS with 2X 

protease inhibitors + 1% C12E9. This lyses the cells as it incubates on ice for at least one 

hour. Everything must remain on ice for the remainder of the procedure to prevent 

proteases from destroying the proteins. Protein-A Sepharose beads are added that bind to 

whole cells and unspecific proteins. The sample is then centrifuged and the supernatant, 

which contains soluble and membrane-solubilized proteins, is transferred to a tube 

containing PBS buffer + 0.2% gelatin, 200/LL anti-B, and ImL of solubilization buffer 

(10mM Tris-HCI pH 7.5 + 1.2M Sorbitol) + 3X protease inhibitors. In this step, the 

antibody will bind to subunit B of V -ATPase. The next day, new Protein-A Sepharose 

beads are added and now these beads will bind the antibody. Centrifugation and 

aspiration of the supernatant leaves only what was bound to the anti-B. This is washed 

with IX immunobuffer (w/o SDS) and placed in pre-warmed cracking buffer to run on a 

Western Blot. Ideally, this Western Blot should show subunits from both VIand Yo, 

indicating that the complex is assembled. 

Plating Cells grown on a SD-Ura pH 5.0 plate are streaked on plates to determine their 

phenotype. These plates are SD-Ura pH 5.0, SD-Ura pH 7.5, and SD-Ura pH 7.5 + 

CaCho The plates are then placed in a 30°C incubator for roughly two days and then 

examined. Ifthere is growth on these plates that matches the wild-type Vma6 cells, then 

the mutants have a wild-type phenotype. If the growth is different, then they have a 
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mutant phenotype because mutant cells cannot grow at a pH of7.5 or in the presence of 

CaCho 

Vacuolar Preparations Six liters of cells are grown overnight in minimal media to mid

log phase and an O.D. reading of roughly 1.0 O.D.lmL. The cells are harvested and 

washed once with 1.2M Sorbitol, 2% glucose, lOmM Tris-HCI pH 7.5. They are then 

spun down again at 5000rpm for 5 minutes and resuspended in 100mL of the buffer 

previously described for each liter of cells (600mL for six liters of cells). 400 U of 

zymolase is added for every 4000 O.D.'s of cells. This uses the zymolase buffer 50mM 

Tris-HCI pH 7.7, ImM EDTA, 50% (v/v) glycerol, 400 U/mL Zymolase IOO-T where the 

final zymolase concentration is 4mg/mL. Ensure that the pH is between 7.0 and 8.0. 

This is then incubated at 30°C with shaking of 160rpm for roughly one hour, until 

spheroplasts are detected. The spheroplasts are spun down at 3500rpm for 5 minutes and 

washed twice in I.2M Sorbitol + YEPD to remove any zymolase. After the second wash, 

20mL Buffer A (lOmM MES-TrispH 6.9, O.ImM MgCh, 12% Fico1l400) with IX 

protease inhibitors is added for every liter of original cells. This solution is placed in a 

chilled homogenizer (A pestle) and homogenized with roughly 40 strokes ofthe pestle. 

Because the cells have now been lysed, everything must remain cold. The solution is 

transferred to ultracentrifuge tubes and IImL of Buffer A is layered on top. The sample 

is then spun at 24,000rpm for 35 minutes. The thin white layer on top is carefully 

collected and placed in 6mL Buffer A per liter of cells. This is homogenized and poured 

into clean tubes. As much Buffer B (IOmM MES-Tris pH 6.9, 0.5mM MgCIz, 8% Ficoll 

400) is layered on top. The samples are again centrifuged for 35 minutes at 24,000rpm. 
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The thin wafer is collected carefully and resuspended in lmL l5mM MES-Tris pH 7.0 + 

5% glycerol per liter of cells. A pipette is used to homogenize these vesicles. The 

vacuolar vesicles are then aliquoted out and stored at -20°C (8). 

Assays The Lowry assay is performed to determine the concentration of protein. The 

ATPase activity assay is performed by using cuvettes containing lmL of25mM KCl, 

25mM Tris base, 5mM MgCb, 0.5mM NADH, 2mM PEP, 2mM ATP, 30ulmL L-lactic 

dehydrogenase, and 30ulmL pyruvate kinase, pH of6.9 (9). The UV-Visible 

Spectrophotometer should be set to take measurements over time at 340nm and 37°C, the 

wavelength that NADH absorbs at. 20/LL of vacuolar vesicles is added to the cuvette as 

the data collection begins. As the V-ATPase hydrolyzes ATP, the NADH becomes 

oxidized to NAD+ and the absorbance decreases. The slope of this reaction over time can 

provide the specific activity in /Lmol Pi/min/mg protein. Adding concanamycin to the 

cuvette inhibits ATP hydrolysis by V -ATPase, allowing the specific activity for V

ATPase to be found by the difference of the two measurements. 

Cross-Linking This experiment is designed to determine where disulfide bridges are 

forming in an oxidized environment. 500/LL of vesicles will act as a control and another 

500/LL will be used to form disulfide bridges. The vesicles are fust washed with lmL of 

labeling buffer (5mM Tris-MES pH 7.5 + 0.25mM MgCb +1.lM glycerol) spun down at 

4°C, l5,000rpm for 15 minutes and then resuspended to a concentration of5mg 

proteinlmL in the labeling buffer. To the cross-link tube, CuCb (in labeling buffer) is 

added to a final concentration of 2.5mM. The same volume of labeling buffer is added to 

the control tube. The samples sit on the bench top for half an hour while disulfide 
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bridges are allowed to form in the cross-link tube. The reaction is terminated. 200mM 

N-ethylmaleimide (NEM) in ethanol is added to a final concentration of 20mM and 

500mM EDTA is added to a final concentration of l5mM. The samples are vortexed and 

put on ice for 15 minutes. They are then centrifuged at 15,000rpm and 4°C for 15 

minutes. The supernatants are transferred and precipitated with 50% TCA added to a 

final concentration of 10%. The pellets are dissolved in 25JlL of preheated Laemmli 

sample buffer without ~-ME (This substance is a reducing agent and would break the 

disulfide bridges just formed). The supernatants are placed on ice for 1 hour and then 

spun down as above. Again, the pellets are dissolved in Laemmli sample buffer and can 

now be run on an SDS-P AGE gel and analyzed by Western Blot to determine where the 

disulfide bridges have formed (10,11). 
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Results and Discussion 

The primer design and mutagenesis process were both successful, as confirmed by the 

sequencing for Cl27 A, C165A, and C329A. Once the sequencing was confirmed in E. 

coli, each of the plasmids carrying a mutation were used to transform Vma6tl. cells so 

that there could be only one copy of the VMA6 gene and thus only one type ofVma6 

protein in the yeast cells. When plated, these cells showed the same growth as wild-type 

yeast, so they have the wild-type phenotype. Figure 4 shows the results of plating. This 

is strongly suggestive of all subunits being present and the V -ATPase being functional 

under normal cellular conditions. 

Whole cell lysis of each mutant was performed multiple times. Nearly always, the whole 

cell lysis showed that all subunits tested for with antibodies were present. Subunits d, a, 

A, E, D, and B are all visible in the Western Blot. This data indicates that the point 

mutation made to the cysteine in Vma6 does not cause the d subunit to become unstable 

and that the mutation does not cause the other subunits to degrade or become unstable. 

This information means that the cross-link experiment may be viable with these mutants. 

There was a whole cell lysis that did not match the data gathered previously and after. 

This whole cell lysis, included as Figure 3, showed degradation and/or instability of 

several subunits in both the C127A and the C165A mutants. The C127A was missing the 

A subunit. This absence makes little sense. A is found in the catalytic core of the VI 

domain and does not contribute to the assembly of the two domains. Its purpose is to 

bind ATP and hydrolyze it to pump a proton against the electrochemical gradient. 
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Subunit d, however, is hypothesized to playa role in the stabilization of the complex. 

The missing subunits in the C165A mutant make a little more sense. Subunit a is 

missing, as are d, D, and E. The absence of d could easily be due to the cysteine 

mutation, and a could interact with d in the stabilization ofthe complex. If d were unable 

to form, it could be enough to cause a high level of instability in subunit a. Subunits D 

and E of VI are not visible on the Western Blot from a whole cell lysis. These subunits 

are hypothesized to be part ofthe stalks that V-ATPase has to connect the two domains. 

Again, because of the involvement in the assembly of the two domains, it is possible that 

the inability to interact with subunit d caused these two VI subunits to either become 

unstable or be degraded. However, because other whole celllysates of these mutants 

show the subunits in question, the replication plating indicates a wild-type phenotype, 

and a Western Blot run of vacuolar vesicles shows all subunits, it is most likely that this 

data is bad and can be rejected. A possible cause for subunit a missing is excessive 

heating before running the gel and rough treatment or inadequate washing during the 

whole cell lysis may have caused the other subunits to be degraded. The 

immunoprecipitations using antibodies against subunit B (size of 60 kDa) were also 

successfuL The Western Blots show subunits from both domains of V-ATPase, as shown 

in Figure 5. Because the initial treatment with the anti-B binds specifically to that 

subunit, and subunit B is found in V], only proteins bound to VI would remain after the 

second use ofthe Protein-A Sepharose beads. Vo can only be seen if the V-ATPase 

complex is assembled. These Western Blots ofthe immunoprecipitations indicate that 

the V-ATPases in all three cysteine mutants are assembling like the V-ATPases 

containing a subunit d without a mutation. 
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The vacuolar preparations of vesicles were completed over several months. There were 

several occasions where problems arose during the vacuolar preparation that could have 

resulted in inconsistent results among the wild-type and mutant strains. These include 

having different optical density readings at the onset ofthe experiment, use ofless 

protease inhibitors (necessary to prevent degradation of proteins once the cells are lysed), 

and loss of wafer due to several reasons. The assays ofCl27A and C165A showed a V

ATPase specific activity roughly equivalent to the specific activity of the Vma6 wild

type. C329A had a specific activity that was considerably lower than the wild-type, 

approximately half. Concentrations of the vesicles varied by vacuolar preparation, but a 

low concentration may always be complete by harvesting the vacuolar vesicles and 

resuspending in a smaller volume. Figure 6 shows IO/Lg of vacuolar vesicles on a 

Western Blot. 

In vitro cross-linking experiments provided interesting data for the wild-type and for the 

cysteine mutants. Western Blots of the wild-type cells were incubated with antibodies 

against subunit d (Figure 7a). The control showed a very dark band at about 36kDa, the 

known molecular weight for this subunit. The sample treated with copper (II) chloride 

did not have a dark band at 36kDa but instead had a long dark smear with several bands 

appearing at larger molecular weights. These bands occur with roughly l5-20kDa 

between them. This is very interesting- if there were disulfide bridges in the wild-type 

between subunits a and d, there would be a band at 136kDa. Instead, there are bands 

beginning at around 45kDa and increasing by 17kDa. These size changes correspond 

with the size of the proteolipids c, c', and c". There are cysteines present in the 
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proteolipids, but these cysteines, unlike the cysteines in a and d, are not conserved. More 

work will need to be done to detennine if disulfide bridges are fonning between d and the 

proteolipids. These same samples were also treated with an antibody against subunit a 

because a disulfide bridge could be fonning between the two subunits (Figure 7b). These 

results showed two strong bands correlating to the subunit a at approximately 100kDa 

and at a smaller size, representing the proteolytic product of subunit a. There is a band 

above the subunit a and also a band above the proteolytic product. The size is between 7 

and lOkDa, the size of the newly discovered subunit e of the Vo domain. It is possible 

that there are disulfide bridges forming between subunit a and subunit e. 

The CI27A mutant and Vma6 wild-type vacuolar vesicles were used in cross-linking 

experiments. As expected, under nonnal conditions, the wild-type and the C127 A mutant 

have bands of identical sizes. It is in an oxidative environment that the inability of 

C127A (or of any other mutation from cysteine to alanine) should result in bands of 

different sizes. When the antibody against subunit a was used, there was no noticable 

difference between the wild-type and the vacuoles lacking a cysteine. This suggests that 

there are no disulfide bridges fonning between the 127th amino acid in subunit d and the 

subunit a. Using the antibody against subunit d yielded interesting results. The pellet 

samples for the cross-link of both wild-type and C127 A seem similar, although due to 

low protein concentrations, some bands may be too faint to see. However, in the 

supernatant samples, it appears that subunit d migrated at a larger size in the C 127 A 

sample than in the wild-type. This could occur if the cysteine at the 127th position is 

involved in fonning a disulfide bridge within subunit d. Being unable to fonn this 
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disulfide bridge could cause the subunit to not fold together in a tighter conformation that 

could result from a disulfide bridge. However, this cannot be seen in the pellet, and 

ideally the subunit d should appear in the pellet only. There could be other membrane 

components that bind to the subunit d antibody and appear on the Western blot. It is also 

possible that the centrifugation of the samples after termination of the reaction was 

insufficient for pulling all of the membrane vacuoles into the pellet. To determine if 

these results reflect a genuine disulfide bridge within subunit d or if it is a result of other 

membrane components, further experiments and purifications of the vacuolar membranes 

must be completed. 
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Conclusions 

This work provided information about the role of cysteines in subunit d of V -ATPase. It 

has been shown through the growth plating, whole celllysates, innnunoprecipitations, 

and vacuolar preparations that under normal cellular conditions the C127, C165, and 

C329 are not critical for function. More interesting results were found in an oxidized 

environment. Through the in vitro cross-linking experiment involving the wild-type 

Vma6 vesicles, it has been shown that subunit d is involved with the formation of 

disulfide bridges. It also appears that C127A, in the Western Blot shown in Figure 7a, 

may possibly be involved in a disulfide bridge within subunit d, but it will require 

replication to confirm this theory. 

The experiments conducted on the conserved cysteine residues of subunit d in the V 0 

domain of V -ATPase yielded some very interesting results and any implications about 

their role in the reversible disassembly of the complex in an oxidized environment will 

need to be confirmed by repeating these experiments and conducting supporting 

experiments. These experiments will include further purification of the vacuolar vesicles 

and also a study on both the disassembly and the inactivation of the V-ATPase when 

treated with varying amounts of an oxidizing agent. 
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Figure 3. Whole Cell Lysis 

Figure 4. Plate Growth Results 
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Figure 5. Immunoprecipitation 

a 

A 

anti-B 
heavy chain 

E 

pH 7.5 pH 7.5 + Caelz 

25 



~i i 
6WT control pellet 

., ~ ~ 
i:;' ", 

CI27 A control pellet ., 
~ 6WT crosslink pellet ;" 

I:l.. ~ 
CI27A crosslink pellet ".. Cl 

is' 
Q ... 
~ ~ 

6WT control sup. '" t!-. -. 
::?. 

e12? A control sup. S· 
trl t;lQ.. tl:I ;J>P> r; ,.. 

6WT crosslink sup. ~ 
r; • tiT CI27A crosslink sup. 0: , 

'I 
vma6WT -~ 

~ 
~ 

vma6delete 

i:i::: Il: ff , Vm.6 Cl27A 
, 
~ 
'" ... Vma6 C165A ., 
;" , : [ I Vma6C329A I:l.. 

Q 
'" 6WT control pellet ~ 

e12? A control pellet ~ -. 
6WT crosslink pellet 

:;;. 
:>.. 

C127A crosslink pellet 
;" --. 
""" Cl 
I:l.. 

6WT control sup. 
~. 

:>.. 
C127A control sup. ~ 

S· 
6WT cross1ink sup. '" -

tv I:l.. 
a, C}27A crosslink sup. 



Works Cited 

1. Kane, P.M., and Smardon, A.M. "Assembly and Regulation of the Yeast 
Vacuolar H+-ATPase" Journal of Bioenergetics and Biomembranes. Vol. 35 
(4): 313-321 (2003). 

2. Nishi, T. and Forgac, M. "The Vacuolar (H+-ATPases-Nature's Most 
Versatile Proton Pumps" Nature Reviews Molecular Cell Biology Vol. 3: 94-
103 (2002). 

3. Kane, P.M. "Disassembly and Reassembly of the Yeast Vacuolar H+-ATPase 
in Vivo" Journal of Biological Chemistry Vol. 270 (28): 17025-17032 (1995). 

4. Bauerle, C. et al. "The Saccharomyces cerevisiae VMA6 Gene Encodes the 
36-kDa Subunit of the Vacuolar H+-ATPase Membrane Sector" Journal of 
Biological Chemistry Vol. 268 (17): 12749-12757 (1993). 

5. Feng, Y. and Forgac, M. "Inhibition of Vacuolar H+-ATPase by Disulfide 
Bond Formation between Cysteine 254 and Cysteine 532 in Subunit A" 
Journal of Biological Chemistry Vol. 269 (18): 13224-13230 (1994). 

6. Dschida, W. and Bowman, B. "The Vacuolar ATPase: Sulfite Stabilization 
and the Mechanism of Nitrate Inactivation" Journal of Biological Chemistry 
Vol. 270 (4): 1557-1563 (1996). 

7. Instruction Manual "Quantum Prep Plasmid Miniprep Kit" BioRad Catalogue 
Number 732-6100. 

8. Roberts, C.J., Raymond, C.K., Yamashiro, C.T., and Stevens, T.H. (1991) 
Methods Enzymology. 194, 644-661. 

9. Lotscher, H.R., deJong, C., and Capaldi, R.A. (1984) Biochemistry 23,4128-
4134. 

10. Laemmli, u.K. (1970) Nature 227, 680-685. 
11. Kane, P.M., Yamashiro, C.T., and Stevens, T.R. (1989). Journal of 

Biological Chemistry 264,19236-19244. 

27 


