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Abstract 

Subunit C is a component of the vacuolar ATPase (V-ATPase) complex, which consists 

of two domains, VIand Vo. Subunit C is a VI subunit and forms part of the peripheral stalk( s) 

that connect VIand Vo. It is believed that subunit C is important in the functional and structural 

coupling of VI and Vo. When the V-ATPase reversibly disassembles in response to glucose 

deprivation, subunit C is no longer associated with the rest of the VI domain. When the V

ATPase reassembles after glucose readdition to glucose-deprived cells, subunit C reassociates 

itself with the rest of the complex. In order to better understand the role subunit C performs in 

assembly and regulation of the V -ATPase, glutathione S-transferase was inserted at the carboxyl 

terminal of subunit C. Yeast cells expressing the chimeric protein exhibited wild type growth 

characteristics. This study showed that the chimeric protein had no effect on the assembly and 

activity of VIand Vo complexes. This protein can now be used in future experiments to better 

understand the role of subunit C in the V-ATPase. 
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Introduction 

The vacuolar ATPase (V-ATPase) is an ATP driven proton pump. V-ATPases are found 

at the membrane of organelles that require an acidic pH, such as the endosomes, lysosomes, and 

Golgi body. The V -ATPase can also be found at the plasma membrane and pumps protons out 

of cells that provide an acidic environment, such as those cells found in the kidney (1). The V

ATPase is composed of two domains, V I and Yo. The V I domain is the peripheral domain 

responsible for hydrolyzing ATP, which provides the energy for the Vo domain to pump protons 

against a gradient. The Vo domain is the membrane domain that holds V I in place at the 

membrane and forms the pore for proton pumping. A characteristic of V-A TPases is that they 

reversibly disassembled in response to environmental changes (2). When glucose is not 

available, V I reversibly dissociates from Vo to prevent ATP energy depletion. 
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The V -ATPase in Saccharomyces cerevisiae is very similar to those found in higher 

eukaryotes and provides a good experimental model (3). The V-ATPase is found in the 

membrane of the yeast vacuole. In Saccharomyces cerevisiae the VI domain is composed of 

eight different subunits labeled A-H, and the Vo domain is composed of five different subunits, a, 

c, c', c", and d. Subunits A-H are encoded by the genes VMAl, VMA2, VMA5, VMA8, VMA4, 

VMA7, VMAIO, and VMA13 respectively. Subunits of the Vo domain, a, c, c', c", and dare 

encoded by the genes VPHl, VMA3, VMAll, VMA16, and VMA6respectively. 

The V I subunit C, is a 42 kDa subunit that is believed to form part of the peripheral 

stalk(s) responsible for the coupling between the VI and Vo domains (4). Subunit C is not found 

with the rest of the subunits that remain in their respective VI and Vo domains when the V

ATPase disassembles. When the V-ATPase reassembles, subunit C reassociates with the VI and 

Vo domains (2). 
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It is proposed that subunit C controls reversible disassembly by first dissociating from the 

complex and facilitating VI separation from Yo. The fate offree subunit C is not clear. It is not 

known whether subunit C interacts with other cellular proteins during glucose deprivation. In 

order to better understand the role of subunit C, a chimeric protein with glutathione S-transferase 

(GST) inserted on the carboxyl terminal of the protein has been constructed and the effect of 

GST on in vivo assembly and function studied in a VMA5i1 yeast strain. 

Methods 

BspEI Insertion: Insertion of the BspEI restriction site was performed at the 3' end ofVMAS 

ORF that had been placed into the pRS316 plasmid which contains the ampicilin resistance gene 

and the URA3 nutritional marker. The insertion was performed by QuickChange mutagenesis in 

19 cycles of polymerase chain reaction (PCR) using the Plu polymerase, 68°C elongation 

temperature, and SO°C annealing temperature. The following primers with the TCCGGA BspEI 

restriction site sequence were used: 

VMAS-C-Bsp Forward primer: S'-GTG ATG TAT ATA ATC AAT TTA Tee GGA TAA 

TCGATTTAT AAT ACT AACTTAG-3' 

VMAS-C-Bsp Reverse primer: S'-CTA AGT TAG TAT TAT AAA TCG ATT ATe eGG ATA 

AAT TGA TTA TAT ACA TCA C-3' 

The parental supercoiled dsDNA was digested by incubating PCR reaction with DpnI at 37°C for 

one hour. 

The VMAS-C-BspEI plasmid DNA was transformed into XLI-Blue E. coli competent 

cells using S III of the PCR reaction. The cells were incubated on ice for 10 minutes, then heat 

pulsed at 42°C for 90 seconds. The cells were then allowed to recover by incubating in LB broth 



at 3rC for one hour. Colonies that were transformed with the plasmid were selected by plating 

on LB + AMP medium. A no DNA control transformation was also performed. 

S 

Plasmid DNA (pDNA) was isolated by washing the cells with a SOmM glucose/2SmM 

Tris-HCI/IOmM EDTA pH 8.0 solution, and a 1.0% SDS/0.2 M NaOH solution. The pDNA was 

extracted using 7.SM ammonium acetate and chloroform:isoamyl alcohol then centrifuged at 

13,000 rpm. The pDNA was then precipitated in 9S% ethanol and centrifuged at 13,000 rpm. 

The pelleted pDNA was dried and resuspended in TE pH 8.0 containing SO~g/ml of RNa seA. 

Restriction digests of the isolated pDNA were performed to confirm EspEI restriction site 

insertion at the 3' end of the VMA5 gene. Candidates were screened using and the BspEI 

restriction enzyme. A KpnI digest of both the template DNA (VMA5 gene in pRS316) and the 

VMAS-C-BspEI candidates served as control. Digests were performed using salts/ DTT/BSA 

buffer solution with equal amounts of pDNA and enzyme and the reactions incubated overnight 

at 37°C. Bands corresponding to the linear 7400 bp product for both EspEr and the KpnI control 

digests were screened by electrophoresis on a 1% agarose gel. 

peR Amplification or GST: Glutathione S-transferase (GST) was amplified by 30 cycles of PCR 

using the Pfu polymerase, 68°C elongation temperature, and SSOC annealing temperature. 

Template DNA consisted of the plasmid pFA6a containing the GST gene. The following primers 

with the TCCGGA EspEI restriction site sequence were used: 

GST-Bsp Forward primer: S'-CCC Tee GGA CCC GGG TTA ATT AAT ATG TCC-3' 

GST-Bsp Reverse primer: S'-CCC Tee GGA ACG CGG AAC CAG ATC CGA-3' 

Ligation or GST and VMA5: The PCR product was extracted using chloroform:isoamyl alcohol 

followed by centrifugation at 13,000 rpm. DNA was precipitated adding III 0 the total PCR 



reaction volume of 3M sodium acetate and 3 times the reaction volume of 9S% ethanol. After 

centrifuging at 13,000 rpm, the pelleted pDNA was resuspended in TE pH 8.0. 

GST was ligated to the 3' end of VMA5. The PCR product containing GST and the 

pDNA containing VMAS, both with the BspEI restriction sites, were digested with BspEI at 
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37°C overnight in a salts/DTT/BSA buffer solution with equal amounts ofpDNA and enzyme. 

Digested DNA was extracted using chloroform:isoamyl alcohol and precipitated using 3M 

sodium acetate and 9S% ethanol as described above. DNA was pelleted, dried and resuspended 

in 40j.l1 TE pH 8.0. 40j.l1 ofGST digestion was combined with ZOj.l1 of the VMAS-C-BspEI 

digestion and allowed to ligate overnight using T4 DNA ligase. The ligated DNA (Sj.ll) was used 

to transform XU-Blue competent E. coli cells as described above and transformants selected by 

plating on LB + AMP medium. A no DNA control transformation was also performed. 

Plasmids were isolated as described above using SOmM glucose/ZSmM Tris-HCI/IOmM EDTA 

pH 8.0 solution, and 1.0% SDS/O.Z M NaOH. The pDNA was extracted using 7.SM ammonium 

acetate and chloroform:isoamyl alcohol and precipitated in 9S% ethanol and centrifuged at 

13,000 RPM. The pellet was dried and resuspended in TE pH 8.0 containing SOj.lg/ml RNaseA. 

Restriction digests of candidate plasmids were performed using Sac! and San enzymes in a 

saltslDTT/BSA buffer solution overnight at 37°C. Digested pDNA candidates were screened by 

electrophoresis on a 1 % agarose gel. 

Establishing GST orientation: VMAS-C-GST candidates chosen from the SacIlSan restriction 

digests described above, were screened via PCR to confirm the GST insert. Three separate 

reactions for each candidate were performed to confirm the presence and orientation ofthe GST 

insert. VmaS-SpI and M13-Z0 primers were used to amplify the region including VMA5 and 

400bp downstream of VMA5 to look for the GST insert. VmaS-SpI and GST-BspR primers were 



used to amplify VMAS-C-GST, ifGST was inserted in the correct direction. GST-BspR and 

M13-20 primers were used to amplify the downstream region of VMA5 if GST was inserted in 

the opposite direction. Each reaction was amplified using 30 cycles of PCR with Taq 

polymerase, a noc elongation temperature and a SsoC annealing temperature. The correct 

orientation of the GST insert was visualized by electrophoresis on a 1% agarose gel. 
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Yeast TransfOrmation: Correct VMAS-C-GST pDNA was transformed into VMASt. yeast cells. 

VMASt. cells were grown in YEPD pH S (I % yeast extract, 2% peptone, and 2% glucose) to 

mid-log phase, then washed and resuspended in TE/LiAc. The transformation reaction consisted 

of testis DNA, plasmid DNA, VMASt. cells and 40% PEGITE/LiAc. The reaction was 

incubated at 30°C for 30 minutes, then at 42°C for 10 minutes. Transformed cells were selected 

for by plating on SD-uracil pH S.O minimal selective media. Transformations of the pRS316 

plasmid, and VMAS (wild type) in pRS316 plasmid were also performed for control experiments. 

A no DNA control transformation was also included. 

Yeast Growth Phenotype: Growth of yeast VMASt. cells carrying the VMAS-C-GST construct 

in pRS316 was compared to cells carrying the wild type gene VMAS in the same plasmid and 

the plasmid, pRS316, alone by serial dilution. Each yeast cell strain was grown in SD-uracil pH 

S.O liquid media to mid-log phase. A series of 10 fold dilutions of each strain were made and 

plated on SD-uracil pH S.O, SD-uracil pH 7.S, and SD-uracil pH 7.S + CaCho Cells were grown 

at 30°C and at 37°C for n hours to test for temperature sensitivity. 

Whole Cell Lysates: Stability of the V-ATPase subunits in each of the yeast cell strains, VMAS

C-GST, VMAS, and pRS316 vector, was determined by Western blot of whole celllysates. 

Cells were grown in SD-uracil pH S.O liquid media to mid-log phase. Whole celllysates were 

performed by washing in O.lM Tris-HCI pH 9.41l0mM DTT at 30°C. Cells were washed and 



8 

resuspended in 10mM Tris-HCI pH 7.S/1.2M sorbitol/2% glucose and incubated with Zymolase, 

which digest the cell walls to form spheroplasts. Spheroplasts were washed with 10mM Tris

HCI pH 7.5/1.2M sorbito1l2% glucose 3 times to remove all Zymolase, pelleted, and resuspended 

in cracking buffer containing S% p-mercaptoethanol, prewarmed to SO°C to lyse the cells. The 

lysed cell mixtures, containing the heterogeneous mix of total cellular protein, were incubated at 

SO°C for 20 minutes. Total cellular protein mixtures were separated by SDS-PAGE and 

transferred to nitrocellulose membrane. Membranes were incubated overnight with primary 

monoclonal antibodies against subunits a, A, B, C, and GST, and rabbit polyclonal antibodies 

raised against subunits d, D, and E. Blots were incubated with secondary anti-mouse (for 

monoclonal) or anti-rabbit (for polyclonal) antibodies for I hour. Blots were developed using 

NBT and BCIP. 

Vacuolar Preparations: To isolate yeast vacuoles from VMAS wild type and VMAS-C-GST 

yeast cells, the cells were grown to mid log phase in SD-uracil pH S.O liquid media. Cells were 

harvested and washed twice in the presence of2% glucose to prevent disassembly of the V

ATPases. The cells were resuspended in 1.2M sorbitol/2% glucose/lOmM Tris-HCI pH 7.S and 

buffered to pH 7.0. 400 units ofZymolase per 4000 ODs of cells were added and cells incubated 

at 30°C for 60 minutes while shaking at ISO rpm to form spheroplasts. Spheroplasts were 

harvested and washed twice in 1.2M sorbitollYEPD by centriguging at 3S00 RPM. Pelleted cells 

were resuspended in Buffer A (lO mM MES-Tris, pH 6.910.1 mM MgCh1l2% Ficoll) containing 

IX protease inhibitors, PMSF, leupeptin, pepstatin, and aprotinin, and homogenized in a chilled 

Dounce homogenizer. Homogenate was transferred to 30ml tubes and Ilml of Buffer A layered 

on top of the homogenate. The lysate was centrifuged in an ultracentrifuge at 24,000 rpm for 3S 

minutes using the SW28 rotor (S). The vacuoles, separated in the Ficoll gradient by flotation, 



were collected and resuspended in ISmM MES-Tris pH 7.S and S% glycerol. Assembly of the 

V -ATPase at the vacuolar membrane was assessed by Western blot as described above. Protein 

concentration was determined by Lowry assay. ATPase activity was determined using an 

enzymatic coupled assay measuring NADH oxidation at 340nm for both VMAS-C-OST and 

VMAS wild type vacuolar vesicles in the presence and absence of concanamycin A, which is a 

specific V-ATPase inhibitor (S). Specific activity of the V-ATPase was calculated by 

determining the concanamycin A-sensitive activity in ~moIPi/minlmg (S). 

Results 

The BspEI restriction site was inserted at the 3' end of the VMA5 gene. Restriction 

digests of template DNA consisting of the wild type VMA5 gene in the pRS316 plasmid, and 

VMAS-C-BspEI candidates were performed using BspEI and as control the KpnI restriction 

enzyme (Figure I). The template was cut by KpnI to give a band corresponding to the 7400 bp 

of the pRS316 plasmid with VMA5. The template, which lacked the BspEI restriction site, was 

not digested by BspEI thus running on the agarose gel as supercoiled DNA. The VMAS-C

BspEI clone was cut by both the KpnI and BspEI enzymes to give the 7400 bp band. 
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After ligation ofVMAS-C-BspEI with OST, clones isolated from transformed E. coli 

were screened for the correct insertion. Restiction digests with Sad and SalI were performed to 

screen for plasmids with the OST insert (Figure 2a). Template DNA digested with both enzymes 

would generate three bands of S kb, 2.2 kb, and 400 bp respectively. However, restriction 

digests with these two enzymes would result in three bands of S kb, 2.2 kb, and 1.1 kb, if OST 

was ligated to the 3' end of VMA5. Figure 2 shows two possible candidates with the OST insert 

in lanes 4 and II. Both of these lanes have bands of linear DNA at S kb, 2.2 kb, and 1.1 kb. 



Template VMA5-C-BspEl 
Ladder KpnI BspEI KpnJ BspEI 

7400 bp 
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Figure L Restriction analysis ofVMA5-C-BspEI clones showed a linear DNA band of 7400 bp, 
similar to the control template DNA cut with KpnI. The VMA5-C-BspEI clone also showed a 
linear DNA band of7400 bp, when cut with espEr. Because the template DNA consisted of the 
pRS316 plasmid with the VMA5 gene, not containing a BspEr restriction site, it was supercoiled. 
1 kb ladder is shown in lane one. 
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Figure 2. a. Restriction analysis of VMA5·C-GST candidates reveals two possible candidates 
with the GST insert (4 and II). Both show a band at 5 kb, 2.2 kb, and 1.1 kb. Template DNA 
cut with Sac! and San is in lane T, followed by II insert candidates. I kb ladder is shown in 
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lane one. b. PCR analysis ofVMA5-C-GST candidates 4 and II. The three PCR reactions 
include: A Vma5-SpI and M13-20 primers to ampljfy the region of pRS316 including VMA5, the 
GST insert, and 400 bp downstream; B Vma5-SpI and GST-BspR primers to amplify VMA5 and 
the GST insert, ifin the correct direction; C GST-BspR and M13-20 primers to amplify the GST 
insert and 400 bp downstream of VMA5, if the insert was in the opposite direction. The gel 
shows that candidate 4 had GST inserted in the correct confirmation, with PCR products in the A 
(2.33 kb band) and B (1.93 kb band) reactions. Candidate II had GST inserted in the opposite 
direction, with PCR products in the A (2.33 kb band) and C (1.13 kb band) reactions. 



13 

PCR analysis ofthe two candidates was performed to determine the orientation of the GST insert. 

Three reactions were performed for each candidate (Figure 2b). The first reaction (A) included 

PCR with the Vma5-SpI and M13-20 primers to amplify the region ofthe pRS316 plasmid 

containing VMA5, the GST insert and 400 bp downstream of the VMA5 gene. With the GST 

insert, the amplified region would be 2.33 kb, and without the insert, the amplified region would 

be 1.6 kb. The second reaction (B) included PCR with the Vma5-SpI and GST-BspR primers to 

amplify the region of the pRS316 plasmid containing VMA5 and the GST insert if the insert is in 

the correct orientation. This would result in a 1.93 kb PCR product. If the insert is flipped in the 

opposite direction, no amplified product would be made. The third reaction (C) included peR 

with the GST-BspR and M13-20 primers to amplify the region 400 bp downstream of VMA5 and 

the GST insert, only if it is inserted in the opposite direction. Any amplified product would 

result in a 1.13 kb PCR product. Candidate 4 shows a 2.33 kb PCR product in the A reaction and 

a 1.93 kb PCR product in the B reaction, showing that GST is inserted in the correct orientation. 

Candidate II shows a 2.33 kb PCR product in the A reaction and a 1.13 kb PCR product in the C 

reaction, which shows that GST is inserted in the opposite direction (Figure 2b). 

The growth phenotype of yeast cells transformed with VMA5-C-GST was compared to 

that of the VMA5 wild type and VMA5il yeast transformed with the vector plasmid pRS316 

alone (Figure 3). Yeast cells without subunit C have Vma- phenotype, in which the impaired for 

V-ATPase function are unable to grow at neutral pH and elevated levels of calcium. Cells must 

maintain at least 20% of V -ATPase activity to grow at elevated pH and calcium concentrations. 

A series of 10 fold dilutions of each cell line were made and plated on SO-uracil pH 5.0, SO

uracil pH 7.5, and SO-uracil pH 7.5 + CaCh selective media and grown at 30°C and 37°C, to 

check for temperature sensitivity. Figure 3 shows that the VMA5-C-GST yeast cells grew 



vma5·C·GST 

pRS316 in vma511 

vma5 wild type 

vma5·C·GST 

pRS316 in vma5A 

vma5 wild type 

vma5·C·GST 

pRS316 in vma5L1 

vma5 wild type 

vma5·C·GST 

pRS316 in vma5A 

vma5 wild type 

)( )( )( >< 

vma5-C·GST 

pRS316 in vma5A 

vma5 wild type 

SD·ura pH 5. 30 C. 72 hours 

6 2, ~ ;, 
.... 'r" T"" T"" 

)( )( )( )( 

SD·ura pH 7.5 + CaCI,. 30 C. 72 hours 

)( )( )( )( 

vma5·C·GST 

pRS316 in vma5A 

vma5 wild type 

SD·ura pH 5. 37 C. 72 hours 

SD·ura pH 7.5 + CaCI,. 37 C. 72 hours 

)( )( )( )( 

SD·ura pH 7.5. 30 C. 72 hours 

" @ ~ ." . 

• C (i).~ : 
SD·ura pH 7.5. 37 C. 72 hours 

14 

Figure 3. Growth phenotype of 10 fold serial dilutions of VMA5 wild type, pRS316, and 
VMA5-C-GST yeast strains. The VMA5-C-GST yeast grew similarly to the wild type yeast at 
both 30°C and 37°C. Three different selective media were used, SO-uracil pH 5.0, SO-uracil pH 
7.5, and SO-uracil pH 7.5 + CaCho Cells were incubated for 72 hours. 



similarly to the wild type, suggesting that the insertion of GST did ot affect the cell growth 

characteristics. The results indicated that VMAS-C-GST mutant cells retained at least 20% of 

the wild type V -ATPase activity. 

IS 

Figure 4 shows the Western blot analysis ofVMAS, pRS316, and VMAS-C-GSTyeast 

whole celllysates. The blots were incubated with antibodies raised against subunits A, B, D, E, 

a, and d and our results show that the V -ATPase subunits are present and are stable in VMAS-C

GST cells (Figure 4a). The VMAS-C-GST chimeric protein was also identified by Western blot 

using antibodies raised against subunit C and GST (Figure 4b and 4c). As expected the band 

corresponding to subunit C was shifted by 28 kDa in the GST chimera. 

Yeast vacuoles were isolated from VMAS wild type and VMAS-C-GST yeast cells. 

Western blots of vacuolar vesicles were performed to visualize VI and Vo subunits assembled at 

the membrane. The level of V -ATPase subunits in both strains (Figure S) was estimated by 

quantitative immunoblots where several dilutions of the vacuolar vesicles were compared. Two

fold dilutions containing 20 ~g, 10 ~g, S ~g, 2.S ~g, and 1.2S ~g of vacuolar protein from 

VMAS and VMAS-C-GST were analyzed. Figure Sa shows that comparable levels of subunits 

A, B, D, E, a, and d were present at the vacuolar membrane, suggesting that assembled V I Vo 

complexes are present at the membrane and that addition of GST did not affect assembly. Figure 

Sb shows the presence of the 42 kDa subunit C in VMAS wild type and Figure Sc shows the '70 

kDa chimeric VmaS-C-GST protein in the GST insert cell strain. Figure Sd shows the same 70 

kDa chimeric protein on a Western blot containing both VMAS wild type and VMAS-C-GST 

vacuolar vesicles that was incubated with antibodies raised against GST. We concluded that the 

VMAS-C-GST protein assembles at the vacuolar membrane similar to the VMAS wild type in V

ATPases. 
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WT pRS316 VMAS-C-GST WT oRS316 VMAS-C-GST 

a b ..-
-t . ::,.... ... ~. +:IOOkDa, a 70 kDa, 

VMAS-C-GST 

, ' 
..,0 kDa, B WT pRS316 VMAS-C-GST 
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Figure 4, Western blot from whole celllysates showed expression of different V -ATPase 
subunits in VMAS wild type, pRS3l6, and VMAS-C-GST yeast cells. a. Subunits A, B, D, E, a, 
and d of all three cell lines were stable. b. The chimeric VrnaS-C-GST protein was identified 
using antibodies raised against GST. c. Subunit C in VMAS wild type cells and the chimeric 
VmaS-C-GST protein were identified using antibodies raised against subunit C. 
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Figure 5. Western blot of vacuolar vesicles from VMAS and VMAS-C-GST yeast cells. a. 
Subunits A, B, D, E, a, and d were present at the vacuolar membrane, showing that V I and Vo 
domains were present at the vacuolar membrane in both the VMA5 and VMA5-C-GST cells. b. 
Subunit C was present in VMA5 wild type cells. The blot was incubated with antibodies raised 
against subunit C. c. VmaS-C-GST protein was present in the mutant cells. The blot was 
incubated with antibodies raised against subunit C. d. VMA5 and VMA5-C-GST vacuolar 
vesicles incubated with antibodies raised against GST showed the presence of the Vma5-C-GST 
protein at the vacuolar membrane. 
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The catalytic activity of VMA5-C-GST V -ATPases was compared to tbat of tbe VMA5 

wild type V -A TPases. ATPase activity of tbe VMA5-C-GST V -A TPases was similar to tbat of 

the wild type enzyme (Figure 6). V-ATPases containing the VMA5-C-GST had a specific 

activity of 1.11 0 ~moIPi/minJmg of protein. The wild type V -A TPases had a specific activity of 

1.760 ~moIPi/minJmg of protein. V-ATPases with the VMA5-C-GST protein had 56.8% of the 

wild type activity. This data suggests that insertion of GST to tbe C-end of subunit C did not 

affect V -ATPase assembly and function. 
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Figure 6. Activity ofVMA5-C-GST V-ATPases was similar to that of the wild type. Wild type 
V-ATPases had a specific activity of 1.246IlmolPi/minlmg, while VMA5-C-GST V-ATPases 
had a specific activity of 1.022 IlmolPilminlmg. These results suggest that V -A TPases with the 
VMA5-C-GST protein had 82.3% of the wild type activity. 
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Discussion 

A chimeric protein, in which glutathione S-transferase was inserted at the carboxyl 

terminus of subunit C was constructed. Cells containing the GST insert grow similarly to the 

wi ld type yeast and do not display Vma- phenotype because they grow well at elevated pH and 

elevated levels of calcium. These cells also made stable VI and Vo subunits suggesting that the 

GST insert on Vma5 does not affect synthesis and stability ofVMAS and the other V-ATPase 

subunits. Western analysis of vacuoles isolated from yeast cells with the GST insert showed that 

the VI and Vo domains were present at the vacuolar membrane and that the activity of VIVo 

complexes containing the insert was similar to that of the wild type enzyme. These data suggest 

that the GST insert at the carboxyl terminal ofVmaS did not affect the stability, assembly, and 

activity of the V-ATPase. 

Future experiments involving the use of the chimeric VMAS-C-GST protein will help to 

better understand the role of subunit C, which is encoded by VMAS, in reversible disassembly of 

the V -ATPase in response to glucose_ 
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I worked in a biochemistry lab in the department of 

Chemistry under the guidance of Dr. KarJett Parra-Belky for VJ 

one and a half years . I first joined the lab after working on 

v, 

,. 

an individual research project in the biochemistry class, 

Chem 465 . I was interested in the work I was doing and 

asked if! could continue it. During my time in the lab I 
The Vacuolar ATPase 

worked on several different projects involving work on a 

protein found in most eukaryotic cells called the vacuolar ATPase (V-ATPase), one of which 

became the topic of the research article as part of my honors thesis. In order to help understand 

the research article, the following provides a better explanation of the research and why the 

research is important. 

The V -ATPase is an enzyme responsible for creating acidic environments in specific cell 

compartments, called organelles that require an acidic pH to function properly. Examples of 

acidic cell compartments include endosomes, Iysosomes, and the Golgi body, which are 

important in different processes that take place within the cells. The lysosome, for example, has 

enzymes responsible for breaking down waste that the cell must get rid of. These enzymes use 

the acidic environment created by the V-ATPase to do this. 

The V-ATPase found at the plasma membrane of osteoclasts (bone cells) is essential for 

bone resorption. This is a normal process where osteoclasts remove old bone tissue using the 

acidic environment provided by the V-ATPase, so the tissue can be replaced by new bone tissue 

(Nishi and Forgac, 2002). 

It is important to study the V-ATPase because it is found in human cells, and has been 

related to several human diseases. In osteoclasts, V-ATPase functioning is involved 
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osteoporosis. In kidneys, improper function ofV-ATPases causes a condition known as renal 

tubular acidosis (kidney failure). V-ATPases are partially responsible for the spreading of breast 

cancer cells, called metastasis. 

The V-ATPase is an enzyme that is made up ofa 

collection of smaller proteins. These proteins form two 

domains called VI and Yo. The VI domain is composed of 

eight different proteins, or subunits, named A-H. The Vo 

domain is made up of five different proteins, or subunits 

H+ H+ 
H+ H+ named a, c, c' , c", and d. The V I domain is the peripheral 

H+ H+ H+ 
H+ H+ 

domain that is located outside of the membrane of the cell or 

cell organelle in which the V-ATPase is located. The Vo domain is the domain that is located in 

tbe membrane. The Vo domain functions to hold the VI domain in place. The Vo domain also 

forms a pore through which hydrogen ions, also called protons, are pumped. In order to pump 

protons across the membrane in which it is located, the V-ATPase must make its own energy. 

V I makes this possible by performing a chemical reaction while expending cellular energy called 

adenosine triphosphate (ATP). This chemical reaction, called hydrolysis, changes ATP to 

adenosine diphosphate (ADP) and inorganic phosphate (Pi) . Without the energy generated by 

this reaction, the V -ATPase could not move protons to the other side of the membrane and create 

the acidic environment needed for the organelle or cell to function properly (Stevens) . 

The model organism used for the research performed in Dr. Parra-Belky's lab is 

Saccharomyces cerevisiae which is the scientific name for yeast. This is the same yeast that is 

used to make bread rise. Yeast is considered a model organism since it is very easy to 

manipulate experimentally. It was the first eukaryote to have its genome sequenced, which was 
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completed in 1996, and many of its basic biochemical functions are also found in other 

eukaryotes, including humans (Saccharomyces Genome Database). In addition, yeast is a fast 

growing organism so we are able to do experiments sooner than if a slower growing organism 

was used . In order to study the functions of the different genes that are of interest in yeast, 

researchers have developed deletion strains for each of the genes that are found in yeast. These 

strains consist of yeast cells that have had one or more oftheir genes removed from the genome, 

so that studies can be done involving the deletion strains to understand the function of the 

missing gene (Saccharomyces Genome Database). Because yeast cells are able to carry 

plasmids, which are small circular pieces of DNA that are not part of the yeast ' s nuclear genome, 

it is very easy to introduce mutations into yeast cells. For example, we can engineer plasmids 

with desired mutations in a specific gene, and plasmids can then be inserted into the deletion 

strain that lacks the mutated gene, so the only copy of that gene in the cells is mutated. 

In yeast, the V-ATPase can be found at the membrane 

of a large storage compartment, similar to Iysosomes, called 

the vacuole, hence the name vacuolar ATPase. The yeast V-

ATPase is very similar to those found in higher eukaryotes, 

including humans. Similarity is determined by the overall 

structure of the enzyme (the proteins that form the enzyme) 

vacuole 

Yeast cell with V-ATPase located in 
the vacuolar membrane 

and the sequence of amino acids that make up all of the different subunits, each encoded by a 

gene. 

In order to study how a subunit contributes to the assembly and function of the V-ATPase 

we make mutations in the gene that encodes the protein of interest. This gene is located on a 

plasmid that we can insert into yeast cells that lack the gene. in order to determine where to 
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induce a mutation, comparisons are made between the yeast subunit and the same subunit in 

different organisms. The sequence of the amino acids in the protein (amino acids are the 

building blocks of proteins) are aligned using computer sof'twares and then screened for 

similarities among several different organisms. Those amino acids that are exactly the same or 

very similar at the same position in all of the organisms have been conserved throughout 

evolution and are assumed to be important to tbe protein. If a mutation were made in one or 

more of these conserved amino acids, it could then be determined why that amino acid is 

important. In the case of the V-ATPase, iftbe assembly, stability, or function of the V-ATPase 

is altered in the mutant yeast, then the amino acid that has been changed plays an important role 

in either one of those aspects. 

Amino 
acid 1 

Amino acids link together to form a protein 

II d?fW :x 

I pro te in 

In order to determine the effects of the mutations, several experiments are done. As in all 

scientific experiments controls for each experiment were used . In these particular experiments, 

the positive control consists of wild type yeast cells. These are tbe deletion strain yeast cells that 

have the same plasmid used for constructing the mutations, with the normal version of tbe gene, 

in other words no mutations are made in the gene. Positive controls (no mutation) serve as a 

reference point to study the effect of the mutations. A negative control consists of the deletion 
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strain yeast cells with the same plasmid, but lacking the gene entirely. The object of a negative 

control is to show that any change observed is caused by the mutation in the gene and not by the 

plasmid introduced in the cells . 

The first study that is performed is a comparison of the growth characteristics of the 

mutant yeast cells to that of the wild type (no mutation, positive control) and negative control 

yeast cells. If the yeast cells do not grow as well as the wild type yeast cells, then the mutation 

has an effect on the V-ATPase function because cells cannot grow well is the V-ATPase is 

defective. The growth studies, called a growth phenotype, were performed on media that has a 

lower pH (PH 5) and media that has elevated pH (pH 7.5) and calcium levels . The deletion 

strains of yeast that lack genes of the V-ATPase exhibit what is called a Vma' phenotype, 

meaning they are unable to grow at elevated pH and calcium levels. Since these cells are 

missing a protein that forms part of the V-ATPase, the V-ATPase is unable to function normally. 

As the pH increases, the vacuole is unable to remain acidic and the cells are not able to survive. 

Likewise, as the level of calcium increases in the cells, without a functional V -ATPase, the yeast 

vacuole loses its capacity to store the excess calcium, which becomes toxic to the cells. There 

must be at least 20% of remaining V -ATPase function in the cells in order to survive at elevated 

pH and calcium levels. If the mutant yeast grows similarly to the wild type under these 

conditions then it retains at least 20% of the normal V-ATPase function. 

The next study looks at the stability of the mutated subunit and the other subunits of the 

V-ATPase. A whole cell lysis is performed, which breaks open the cells and extracts the 

proteins. This results in a mix of all the proteins found in the cells which are separated on a gel 

by electrophoresis. Electrophoresis in the presence of a detergent uses an electric current to 

separate the proteins by size, where larger proteins travel through a porous slower through the 
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gel than smaller proteins. Proteins on the gel are transferred to a membrane and specific proteins 

are visualized by using antibodies that target (bind to) the specific protein of interest. Each 

antibody will target only the protein it has been raised against. The subunits tbat are analyzed 

include subunits A, B, 0 , and E of the V I domain and subunits a and d of the Vo domain. If all 

of these subunits are present in the mutant yeast cell extracts, we can conclude that tbe mutation 

does not affect the stability oftbe subunits of the V-ATPase. Tbis means that tbe cells are 

making all of the subunits and they are not destroye~!. In otber words, the mutation introduced 

cannot alter the stability oftbe subunits tbat compose the V-ATPase complex. 

In order to determine whether the subunits that make tbe V-ATPase are coming together 

correctly at tbe vacuolar membrane and functioning properly, vacuoles are isolated from tbe 

yeast cells. A similar electrophoresis study is carried out to determine whether the V-ATPases 

are assembled at the vacuolar membrane because all the subunits are present in the vacuoles. 

Then the activity of the V-ATPases is determined using the isolated vacuoles as a means of 

establishing the effect of the mutation on the biological function of the V-ATPase. An active V

ATPase is one that is performing the chemical reaction of hydrolyzing ATP to ADP and 

inorganic phosphate, which provides the energy for the V-ATPase to pump protons across the 

membrane. The activity of the mutant V-ATPases is compared to the wild type V-ATPases. 

This determines whether the mutation has any affect on the function of the V -ATPase. 

Two of the projects that I worked in the lab involved examining the function of subunit d 

of the Vo domain. This subunit is thought to be important in holding the VI and Vo domains 

together. The reasoning behind this study is that because subunit d bridges these two domains, it 

may be essential to couple the two reactions, ATP hydrolysis and proton transport. In order to 

study this I worked on a project involving changing the 218th amino acid, which is normally tbe 
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amino acid arginine to the amino acid alanine. I also examined the effect of mutations on three 

conserved cysteines (the 127th
, I 65th

, and 329th amino acids) all changed to the amino acid 

alanine. I began studying how these four different mutations affect the cells' growth 

characteristics, protein stability and V -ATPase activity. Any results from this research would 

lead to a better understanding of how subunit d holds the VI and Vo domains together. Working 

on this project, I learned the experimental techniques used in biochemistry research and grasped 

a good understanding of the project. However, hefqre I was able to get any good quality results 

from these studies, I was presented with a different research project that eventually led to some 

exciting data, represented in the research article. 

The new project that took place during my last semester of work included trying to attach 

glutathione S-transferase (GST) and green fluorescent protein (GFP) to one of the ends of 

subunit C called the carboxyl terminus of subunit C. This project was an important one because 

it would become a major part of future experiments to determine the function of subunit C and 

the role it plays in the assembly and function of the V-ATPase. Subunit C is one of the proteins 

found in the V I domain. It is believed to be part of a peripheral stalk responsible for holding V I 

and Vo together at the membrane. Subunit C, encoded by the yeast gene Vi'v1A 5, is interesting 

because it is not associated with tbe rest of the V I proteins when the V -ATPase disassembles. 

The V-ATPase reversibly disassembles due to changes in the cellular environment, which may 

be important in the overall function of the V -ATPase. 

This project also required all of the previously explained experiments that are used for the 

mutation studies; I performed the same experiments to study yeast cells containing the protein 

construct that I made (VMA5-C-GST). However, instead oflooking for differences in any of the 

results compared to that of the wild type yeast cells, we were hoping to find that there would be 
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no difference between yeast cells with the new VMAS-C-GST protein and the normal yeast cells. 

In this case, we wanted these cells to be as close to the normal cells as possible so that future 

students could use my construct (VMAS-C-GST) to study subunit C in normal yeast cells. Work 

is still in progress and the green fluorescent protein will be attached to the carboxyl end of 

subunit C to form a YMAS-GFP construct. 

The year and a half I have spent working in Dr. Parra-Belky's lab has helped me grow as 

a scientist. I have learned valuable techniques that ~ will take with me to graduate school. I have 

also learned to work well with a group of people and also to work problems out on my own. My 

work has not only helped to expand my knowledge of how scientific research is done and the 

trial and error that goes in to it, but I have also polished my skills in public speaking. A big part 

of doing scientific research is presenting it to fellow colleagues and the public. I had several 

opportunities to present my work over the last year and a half I presented my work during the 

Chemistry Summer Research Program in June, 2004. I also attended and presented at the 

Indiana Academy of Science fall meeting in October, 2004 and the Butler Undergraduate 

Research Conference in April, 2005 . I gave a presentation over my thesis work to the Honors 

College in March, 2005. I also presented at two poster sessions, one during the Chemistry 

Summer Research Program and at the Ball State University Student Symposium in March 2005. 

These were all good opportunities to get experience speaking in front of people, getting valuable 

feedback on my research project, and educating people on the importance of my research. 

Working in the lab made a big impact on my future plans, and I have decided to attend 

graduate school to pursue a Ph.D. in a yet undetermined field of the biological sciences. My 

work has given me many skills in genetics, molecular biology and biochemistry to continue my 

education and research in a graduate program. Not only has my work shaped my future, it will 
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also be important in future work in Dr. Parra-Belky's lab and other labs around the world. As we 

learn more and more about how the V-ATPase works, future researchers will have valuable 

knowledge to find treatments or cures for the diseases with which the V-ATPase has been 

associated. 
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