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INTRODUCTION
V-ATPase Structure and Function
The acidification of selected organelles within a cell is necessary for their
participation in multiple cellular processes, which are critical to the proper
functioning of all eukaryotic cells. These processes include receptor-mediated
endocytosis, intracellular targeting of lysosomal enzymes, protein processing,
coupled transport of small molecules and proteolytic activation of zymogen
precursors. The compartments that must be acidified to carry out such processes
include early and late endosomes, lysosomes, secretory vesicles and the Golgi
apparatus. Early and late endosomes sort particles that enter a cell by endocytosis
and also serve as the point of entry for select enveloped viruses and toxins (Nishi
and Forgac, 2002). Lysosomes are responsible for recycling receptor molecules
by means of digestive enzymes. Secretory vesicles are responsible for
transporting particles to be released by a cell, and the Golgi apparatus packages
newly synthesized particles that will ultimately be released by a cell. Each of
these organelles requires a unique acidic pH to function accurately and optimally.
The main contributor in pH control of intracellular compartments is the vacuolar
proton-translocating ATPase, or V-ATPase (Kane, 2006).
Found in organelle membranes of all eukaryotic cells, V-ATPase is the
enzyme responsible for transporting protons from the cell cytoplasm to the
interior of the organelle, leading to the acidification of this space at the expense of
ATP, a cell’s main source of energy. However, V-ATPases are not just
inhabitants of organelle membranes. V-ATPases are also found in the plasma
membrane of specialized cells in humans such as renal intercalated cells, where
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they participate in proton secretion essential to the kidney’s acid-base balance,
osteoclasts, where they acidify the compartment created between these cells and
existing bone central to bone resorption and macrophages, where they maintain
pH homeostasis while the macrophages are functioning in areas of extreme pH,
such as inflamed or infected tissue (Nishi and Forgac, 2002). It is also believed
that V-ATPases may play a role in tumor metastasis by assisting cancer cells in
creating a highly acidic environment, which leads to activation of the lysosomal
enzymes and subsequent secretion of protein-degrading cathepsins needed to
break down the extracellular matrix surrounding cells, allowing new areas to be
invaded (Forgac, 2007).
The V-ATPase enzyme serves as a potential drug target in ailments such
as renal tubular acidosis, where not enough protons are pumped into the urine,
leading to increased acidity in the blood. Another drug target is the set of VATPases found at the osteoclast membrane in the case of osteoporosis, where
more bone is degraded by osteoclasts than is formed by osteoblasts, leading to
cumulative bone loss. In both of these conditions, a malfunction of the V-ATPase
is responsible for either a lack of adequate acidification or an excess acidification
of a particular space, and the regulation of V-ATPase activity via medication
could aid in reversing such imbalances. Moreover, because cancer cells generate
inappropriate acidification in order to further metastasize, it is possible that
regulating V-ATPase activity could be a method of cancer therapy (Nishi and
Forgac, 2002). An additional function of the V-ATPase at the plasma membrane
is observed in cells lining the epididymis and vas deferens, which are ducts within
the male reproductive system where sperm cells are stored for maturation. The
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presence of V-ATPases within the membranes of these cells allows for the
maintenance of the pH at which sperm can thrive and mature (Nishi and Forgac,
2002). Because V-ATPases are thought to contribute to sperm growth, they have
become another drug target—in this case, for the development of a male
contraceptive (Forgac, 2007).
What makes plasma membrane V-ATPases different from those found in
organelle membranes is the destination of the protons, i.e., the space that is being
acidified. In both cases, protons are still being pumped out of the cytoplasm, but
when being transported by the plasma membrane V-ATPase, their destination is
the extracellular space rather than the inside of an organelle (Nishi and Forgac,
2002). Because the V-ATPases residing in both types of membranes essentially
perform the same function by removing protons away from the intracellular space,
they are composed of the same structure.
The structure of V-ATPase consists of two principal domains, a peripheral
domain and a membrane-bound domain. The peripheral domain, V1, is located on
the cytosolic side of the membrane in which the enzyme resides and is responsible
for its catalytic activity (See Figure 1). It comprises subunits A, B, C, D, E, F, G
and H, with three copies of both the A and B subunits to form a six-unit ring, 2-3
copies of the E and G subunits and only one copy of the remaining subunits. The
membrane domain, V0, is embedded in the membrane surrounding the space
requiring acidification and serves to transport protons from the exterior to the
interior of the compartment for organelle V-ATPases and from the interior of a
cell to an exterior compartment for plasma membrane V-ATPases. V0 consists of
subunits a, c, c’, c’’, d and e. Subunit c, is present in multiple copies, and along
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with single copies of c’ and c’’, makes up the c ring within the membrane (Kane,
2006). Both domains show some homology to the F1F0-ATP synthase, which is
found in the inner membrane of mitochondria and the thylakoid membrane of
chloroplasts where it functions to synthesize ATP by phosphorylating ADP at the
expense of a proton-motive force created by the electron transport chain during
the oxidative phosphorylation phase of cellular respiration and the lightdependent reactions of photosynthesis, respectively (Yoshida et al., 2001).
Because of the similar structure that V-ATPase and F1F0-ATP synthase
share, much about the mechanism of V-ATPase has been uncovered by examining
its homolog. Similarly to the F1F0-ATP synthase, the A and B subunits of the
alternating A-B ring of V-ATPase’s V1 portion undergo conformational changes
that depend on the nucleotide bound (ATP or ADP) as ATP is hydrolyzed (Kane,
2006). Those changes lead to rotation of the central stalk (consisting of subunits
D and F), connecting the V1 and V0 portions of the V-ATPase, which translates
into the rotation of the c, c’, c’’ ring within the membrane. Each c subunit
receives a proton entering from the cytoplasmic hemi-channel within the a subunit
and binds to the proton via a conserved glutamic acid residue. Upon each
rotation, a proton is released from its c subunit and then travels through the a
subunit’s other hemi-channel in order to reach the opposite side of the membrane.
Thus, each proton is individually transported from the cytosol either into the
lumen of an organelle or out to the extracellular space (Forgac, 2007).
Additionally, the alternating A-B ring must somehow be anchored to the
membrane to prevent it from uncontrollably rotating in response to the central
stalk movement. This task is fulfilled by several other V1 subunits, which include
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subunits C, E, G and H. Subunits E and G make up two known peripheral stalks
while the presence of up to three stalks has been proposed (Ohira et al., 2006;
Fethiere et al., 2005; Kitagawa et al., 2008). Each of these stalks is likely to
interact with either subunit C or subunit H. These peripheral stalk complexes
connect the A-B ring to the a subunit of V0, which is embedded in the membrane
(Forgac, 2007).
Although the F1F0-ATP synthase serves as a good foundation for
understanding the structure and function of the V-ATPase, not all the V-ATPase
subunits have a counterpart in the ATP synthase, and there are clear differences
between the functions of the two enzymes. This means that additional research
has been and continues to be done to determine the precise structure and functions
of the V-ATPase enzyme as its own entity. A typical method for determining
protein function at the cellular level involves observing the consequences of
introducing a known mutation to the protein, just as insights into the complex
functions within the human body are gained by observing the effects of human
disease. For V-ATPase, a characteristic mutant phenotype known as the Vma¯
phenotype has been become an indispensable tool for gaining knowledge about
the enzyme’s subunits and their functions. The various mutations leading to this
phenotype have proved to be lethal in higher eukaryotes but to allow viability in
Saccharomyces cerevisiae (Baker’s yeast), which has made the organism a
primary model for studying the functions of the V-ATPase enzyme. Yeast is also
a favored research model system because of its fast growth time, sequenced
genome, easy isolation of mutants and ability to accept DNA plasmids upon
transformation (Sherman, 2002). The Vma¯ phenotype is characterized by
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limited, slow growth in yeast when compared to wild type cells, and even this
degree of growth comes with restrictions. vma mutants can only grow in low pH
environments (between 5 and 5.5) and exhibit sensitivity to high levels of
calcium, certain heavy metals and various drugs. More interestingly, the Vma¯
phenotype results when any one of the V-ATPase subunits is altered or deleted,
and all functions of the enzyme are lost regardless of which subunit is affected.
Not only does this phenotype allow for the study of the effects of mutations
within V-ATPase subunits, but it provides a means of discovering new proteins
associated with the enzyme such as regulators and assembly factors (Kane, 2006).
The regulatory mechanisms of V-ATPase activity also provide insight into
the understanding of how the enzyme works in vivo. One of the most intuitive
discoveries in regard to V-ATPase regulation in yeast is the discovery of its
ability to disassemble in the absence of glucose and subsequently reassemble
when glucose is reintroduced. During disassembly, V1 separates from the
membrane-bound V0 and is free to move throughout the cytosol, which leads to an
intermission in the enzyme’s proton-pumping activity (Kane, 1995). Because a
loss of function accompanies the detachment of V1 from V0, this disassembly is
triggered when there is a limited amount of ATP present and its use is more
urgently required by other processes. Furthermore, it has been proposed that
certain environmental factors, including the pH within the organelle on which the
V-ATPase is located, may also contribute to the dissociation of the V-ATPase
domains from one another (Forgac, 2007). A mechanism similar to reversible
disassembly involves changes in the coupling efficiency of the ATP-hydrolyzing
V1 domain and the proton-pumping V0 domain. This too controls organelle
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acidification via the number of active V-ATPase enzymes present in the
membrane; however, the V1 domain remains at the membrane as opposed to
detaching from V0 and moving freely in the cytosol as it does during reversible
disassembly (Forgac, 2007). Another form of regulation, which is most common
in types of plasma membrane V-ATPases, relies on regulating the concentration
of V-ATPase on a particular cell membrane, such that more protons are pumped
out of a cell when more V-ATPases are present along its plasma membrane. In
this case, the fluctuation of V-ATPase concentration is controlled by a balance of
reversible exocytosis and endocytosis, where vesicles carrying V-ATPases are
transported to the surface when acidification is required and back into the cell in
the event that over-acidification occurs, respectively (Forgac, 2007). A final
important contributor to the number of plasma membrane V-ATPases that are
actively pumping protons is the actin cytoskeleton. When actin
depolymerization—under regulation by several of actin’s binding proteins—is
inhibited, V-ATPase molecules are restricted from traveling to the plasma
membrane to carry out their major function. There is evidence that V-ATPase can
bind to actin, providing a possible explanation for this regulation. Currently, both
subunit B and subunit C have been shown to bind to actin in Manduca sexta, the
tobacco hornworm (Vitavska et al., 2003). The latter subunit and its relationship
with the actin cytoskeleton in Saccharomyces cerevisiae will be the focus of this
study.
It was first discovered that the actin cytoskeleton interacts with V-ATPase
in osteoclasts upon activation of bone resorption (Lee et al., 1999). It was shown
that over the course of osteoclast activation, actin rings form to which V-ATPase
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complexes bind, and it is thought that this interaction serves to bring V-ATPases
to the ruffled membrane of the osteoclast—the direct site of bone resorption.
Furthermore, actin binding is reduced once osteoclasts are fully activated and the
V-ATPases are situated in the ruffled membrane and is almost absent in
inactivated osteoclasts. The fact that the actin-V-ATPase interaction is variable
with the process of osteoclast activation implies that actin may play a regulatory
role by controlling V-ATPase transport to the ruffled membrane and thus, its
involvement in bone resorption (Lee et al., 1999). These results led to the testing
of bovine kidney microsome V-ATPase for this interaction with actin due to its
similarities to the osteoclast V-ATPase. Here, it was concluded that kidney VATPases bound to F-actin based on actin filament depolymerizationpolymerization experiments. It was also observed that V-ATPase binding
occurred on the sides of the actin filaments via the A-B ring portion of the VATPase V1 complex (Lee et al., 1999). These findings led to experiments to
determine which of the bovine kidney V-ATPase subunit(s) provided the F-actin
binding site, and the amino terminus of subunit B prevailed in all assays (Holliday
et al., 2000). Both the interaction between V-ATPase and actin in osteoclasts and
the determined actin binding site on V-ATPase as subunit B in bovine kidney
microsomes prompted a similar study to be done in Manduca sexta to find out if
such an interaction is true for all types of plasma membrane V-ATPases, which
will be discussed shortly. It was not until this study that subunit C became a
participant in actin binding (Vitavska et al., 2003).
A Proposed Role for Subunit C
As stated above, subunit C of the V-ATPase is part of the V1 complex—
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having no homologous subunit in the F1F0 ATP synthase—and serves as one of
the stator subunits, helping to anchor the catalytic domain to the membrane-bound
proton-pumping domain (Ho et al., 1993). A 412-amino acid, 42-kilodalton
protein encoded by the gene VMA5, subunit C has three domains designated as
the head, the foot and lastly the flexible neck connecting the head and foot (Drory
et al 2004). It has been proposed that the flexibility of the neck domain facilitates
subunit C’s ability to anchor the cytosolic V1 domain to the membrane V0
domain. The head domain comprises two α-helices and four antiparallel β-sheets;
the foot similarly contains two α-helices (intertwined) and four antiparallel βsheets; the neck is made up of a 3-helix bundle, whose shape is maintained by salt
bridges connecting conserved amino acids (see Figure 2). It is thought that the
head domain and the foot domain are bound to one of the catalytic subunits and
one of the membrane-bound subunits of V-ATPase, respectively (Drory et al.,
2004). As a contributor to the bridge between the V1 and V0 domains, subunit C
must be present in order for the V-ATPase to appropriately assemble (Ho et al.,
1993); furthermore, during reversible disassembly, subunit C associates with
neither the cytosolic domain nor the membrane domain (Kane, 1995). These two
characteristic could imply that subunit C also plays a regulatory role via an
assembly-based mechanism. Even more interestingly, however, is the reported
discovery of subunit C’s binding with the actin cytoskeleton, giving subunit C yet
another responsibility (Drory et al., 2004).
Actin is a 42-kilodalton, 4-domain cellular protein that makes up a portion
of the cytoskeleton in the company of microtubules and intermediate filaments
(see Figure 3). Actin exists in the cytoskeleton as single actin monomers that
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have polymerized to form actin filaments. The cytoskeleton serves as the cell’s
structural support system, where its components cooperate to control the shape of
a cell and its flexibility and are involved in endocytosis, cell-to-cell junctions,
transmembrane signaling, cellular migration, and cytokinesis (Bretscher et al.,
1994; Rogers and Gelfand, 2000). Characteristics of the cytoskeleton specific to
actin filaments include their high concentration near the plasma membrane in the
cortex, their ability to maintain cellular shape, their involvement in cellular
junctions and signal transduction and their interaction with a countless number of
cellular proteins. As a result of this combination, actin has come to perform a
task essential to survival of the cell: directing newly synthesized proteins to their
final intracellular destination via vesicle transport (Rogers and Gelfand, 2000).
The fact that subunit C has become a binding partner of actin could mean that VATPase depends on actin for targeting it to the proper membrane, and once the VATPase arrives at its membrane, actin could serve to anchor the enzyme in place
(Drory et al., 2004).
As previously stated, an interaction between actin and subunits B and C of
the V-ATPase has been observed in Manduca sexta (Vitavska et al., 2003). In the
tobacco hornworm, V-ATPases are found in the apical membrane of goblet cells
within the midgut and are used as an energy source for molecules crossing the
epithelium via secondary active transport (Vitavska et al., 2003). Like the VATPase of S. cerevisiae, the M. sexta V-ATPase also undergoes reversible
disassembly as a result of glucose depletion where subunit C dissociates from
both the V1 and V0 complexes. The group of researchers found that epithelial cell
apical membranes from the midgut, salivary glands and malpighian tubules were
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sites of co-localization for F-actin and V-ATPase. Furthermore, it was observed
that F-actin bound directly to the V-ATPase holoenzyme (V1V0) in vitro as well
as in vivo, but when only the V1 domain was present, actin-V-ATPase binding
was witnessed in vitro exclusively (Vitavska et al., 2003). This means that
although they determined that subunit B of the Manduca sexta V-ATPase does
bind to F-actin, another protein must have been interacting with F-actin since
subunit B does not dissociate from the V1 domain during reversible disassembly.
Interestingly, the protein was around 40kDa in size, and the interaction only took
place in the presence of an intact V-ATPase holoenzyme (Vitavska et al., 2003).
These results point toward subunit C as being a second actin binding partner
within the V-ATPase, especially because subunit C does not remain a part of the
V1 complex when V1 is dissociated from V0 under starvation conditions.
Moreover, when a recombinant form of subunit C was attached to the isolated V1
complex, a stronger interaction with F-actin was observed, which confirms the
suspicion that subunit C contributes to the interaction of V-ATPase with F-actin.
From these results it is thought that maintaining an interaction between F-actin
and V-ATPase requires more than the binding of subunit B to actin can provide.
Subunit C may control the plasma membrane V-ATPase’s interaction with Factin, and this interaction may provide the stator subunits with additional strength
in stabilizing the V-ATPase during its rotation (Vitavska et al., 2003). Although
there is now evidence that subunit C of the V-ATPase binds to F-actin at the
plasma membrane, it is still unknown as to whether or not subunit C binds to actin
when V-ATPase inhabits organelle membranes. This would make sense seeing
that interactions between organelle membranes and the cytoskeleton help
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organelles to organize within a cell, and V-ATPase is a populous protein that
inhabits these membranes (Rogers and Gelfand, 2000; Drory et al., 2004).
Further experimentation with Manduca sexta has shown that subunit C
binds to G-actin, or single actin monomers, in addition to F-actin (Vitavska et al.,
2005). In fact, isolated subunit C is not partial to F-actin or G-actin and binds to
both with equal affinity (Vitavska et al., 2005). Typically, the actin binding
partners that bind to actin in both its monomeric and polymeric forms—proteins
from the ADF/cofilin family—bind to actin filaments while in a slightly acidic
environment, but cause actin filaments to depolymerize and inhibit them from
reforming by binding to monomeric actin under more alkaline conditions
(Hawkins et al., 1993); conversely, subunit C does the opposite. Subunit C
actually averts depolymerization by these other binding partners in an
environment maintaining any pH and promotes polymerization at a rate
correlating with concentration of subunit C (Vitavska et al., 2005). Moreover, it
was discovered that subunit C is able to cross-link existing actin filaments,
creating thin and thick bundles organized in a network. The notion that subunit C
can serve as a linker between actin filaments requires it to have at least two actin
binding sites within its structure, which is consistent with the finding that both the
C-terminus and N-terminus of subunit C interact with actin in its monomeric and
polymerized forms. Because starvation of Manduca sexta results in altered
localization of F-actin in its goblet cells as well as reversible disassembly of its VATPases resulting in the release of subunit C, it has been proposed that subunit C
is also responsible for contributing to controlling the balance between actin
polymerization and depolymerization under conditions such as starvation
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(Vitavska et al., 2005).
In order to uncover more information about subunit C’s relationship with
actin in terms of the interaction site at a molecular level, a particular actin binding
partner whose binding site within the actin molecule is known, has been
consulted. This actin binding partner, gelsolin, is responsible for severing actin
filaments in the presence of calcium ions and preventing these fragments from
reconnecting by forming a cap with a Ca2+ ion at the center of it; gelsolin’s ability
to fragment actin filaments is thought to play a role in cell motility, when the
cytoskeleton must reorganize to maintain the shape of the cell, as well as in
vesicle traffic (McLaughlin et al., 1993). The comparison between subunit C and
gelsolin was chosen because gelsolin’s overall structure is very similar to that of
both the head and foot domains of the V-ATPase subunit C (Drory et al., 2004).
Gelsolin is one of the many actin binding partners that bind in what is termed
actin’s “hot spot,” or the hydrophobic cleft located between two of actin’s four
domains (Dominguez, 2004).
Research Goal
Given all the above information, the next logical step is to determine
whether or not an interaction between subunit C of the V-ATPase and actin in the
cytoskeleton is a common V-ATPase trait and not exclusive to plasma membrane
V-ATPases of Manduca sexta. To do this, Saccharomyces cerevisiae V-ATPase
was used. All experiments with S. cerevisiae were carried out in vivo so data
based on the true characteristics of V-ATPase and actin could be collected, and
mutations within both the structure of actin and subunit C were used in order to
determine more precise locations of the V-ATPase binding site as well as the
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actin binding site on each. Knowing that such a protein-protein interaction does
in fact take place would give a more universal meaning to the V-ATPase’s
communication with the cytoskeleton in addition to a more comprehensive
understanding of the V-ATPases as a whole.
MATERIALS AND METHODS
The Two-Hybrid Assay
The primary method used to test for the presence of a protein-protein
interaction between subunit C of V-ATPase and the actin cytoskeleton in yeast
was the two-hybrid assay. This assay relies on the principles of transcription,
where both the activation domain and DNA-binding domain of a transcriptional
activator protein must be present for transcription to proceed. In the case of the
two-hybrid assay, these domains are separated so transcription will only take
place if the two proteins of interest interact. Because the activation and DNAbinding domains can function independently of each other, each can be noncovalently linked to one of the two proteins of interest and still perform its
original function during the process of transcription, but only if the interaction
between the two domains is reconstituted (Luban and Goff, 1995). Therefore,
when these proteins interact, each brings with it either the transcription activation
domain or the DNA-binding domain, and the two domains come within close
enough proximity of each other to initiate transcription (See Figures 4 and 5).
In the two-hybrid assay, a known marker gene is inserted downstream
from the transcriptional activator binding sequence, and if transcription of this
DNA is initiated, a marker gene will be transcribed, and the presence of its gene
product can be detected. Typically, the marker gene codes for the ability to
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produce an essential amino acid or to acquire resistance to a drug—a
characteristic that isn’t intrinsic to the organism being studied. When the
organism exhibits the protein-protein interaction being tested for, it will
synthesize the marker protein and grow in the absence of the amino acid that it
can now produce itself or in the presence of the drug against which it now carries
resistance. If the organism is unable to grow on the appropriate selective media, it
is likely that the protein-protein interaction being tested does not occur in vivo. It
has been reported that nearly any protein-protein interaction can be tested using
this assay (Luban and Goff, 1995).
In the initial application of the two-hybrid method, yeast strains Y187
(MATα, his3, trp1-901, ade2-101, ura3-52, leu2-3, 112, gal4, gal80,
URA::GAL→LacZ) and Y190 (MATa, his3, trp1-901, ade2-101, ura3-52, leu2-3,
112, gal4, gal80, URA3::GAL→LacZ, LYS2::GAL (UAS) →HIS3) were used,
both of which are from the Elledge Two-Hybrid Kit (Bai and Elledge, 1997).
However, actin and subunit C of V-ATPase are not inherently fused to the DNAbinding domain or the activation domain of transcription in wild type yeast cells,
so these fusions had to be introduced on E. coli DNA plasmids via cloning. This
was previously done for subunit C by members of the Kane Lab and by David
Amberg for actin (Dept. of Biochemistry and Molecular Biology at SUNY
Upstate Medical University). The DNA-binding domain and the activation
domain from the GAL4 transcriptional activator protein were present on separated
plasmids; the gene encoding the activation domain was fused with the gene that
codes for the V-ATPase subunit C (VMA5), and the DNA-binding domain was
fused with the gene that codes for actin, ACT1. The fusion of the activation
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domain and VMA5 gene was cloned into the pACT2 E. coli DNA plasmid, while
the fusion of the DNA-binding domain and ACT1 gene was cloned into the pAS2
E. coli DNA plasmid (Bai and Elledge, 1997). The pACT2 plasmid was then
transformed into the yeast Y187 strain and the pAS2 plasmid into the Y190 strain.
The pACT2 plasmid contained a leucine marker gene (LEU2), and the pAS2
plasmid contained a tryptophan marker gene (TRP1) so the transformed yeast
cells could be grown on their respective media lacking either leucine or
tryptophan, and those that were able to grow could be selected as those which
truly accepted their plasmid. In this experiment, the Y187 transformed cells were
grown on SD –leu, and the Y190 transformed cells were grown on SD –trp; SD is
a minimal media consisting of a yeast nitrogenous base, ammonium sulfate and a
carbon source (Sherman, 2002).
In order to test for the interaction, the two strains must be mated in order
to bring the activation domain and DNA-binding domain fusion proteins together,
allowing them the opportunity to interact, and thus, reconstitute the activation
domain and DNA-binding domain for transcription. Once the transformed cells
had been selected for, they were mated via replica plating, where cells from each
plate are transferred onto the common mating plate with a sterile velvet cloth.
Initially, the cells were combined onto YEPD, pH 5.0 + ade media; YEPD is
Yeast Extract Peptone Dextrose, a complete medium providing yeast with all the
essential amino acids, 5.0 is the pH at which yeast grow optimally, and adenine
sulfate (ade) supplements the ade2 mutation within these strains. As a means of
selecting for diploids produced by mating, the cells were then transferred via
replica plating onto SD –trp, –leu; if the two strains had mated, the resulting
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diploid cells would contain both plasmids, be able to produce both leucine and
tryptophan independently and grow on the selective media lacking both amino
acids. The diploid cells were then plated onto media that would show whether or
not the marker gene was transcribed, indicating the presence of an interaction
between subunit C and actin. The marker gene, which was placed downstream
from the transcriptional activator protein complex in these strains, was HIS3,
allowing the yeast to produce the amino acid histidine. Healthy diploid cells were
then replica plated once again onto SD –trp, –leu, –his media to determine
whether or not the gene product of HIS3 was present in the mated cells,
suggesting that transcription of the HIS3 gene had occurred. To more stringently
select for expression of the HIS3 marker gene, mated cells were ultimately
transferred to plates containing 3-amino-1,2,4-triazole. Although HIS3 is a
common marker gene used in two-hybrid, it often does not provide for strong
enough selection because the yeast find an alternate way to produce histidine,
creating a false positive within the test results. To resolve this issue, the diploid
cells were grown on plates that contained a range of 3-amino-1,2,4-triazole (3AT) concentrations, an organic compound that competitively inhibits one of the
enzymes involved in the synthesis of histidine. The presence of 3-AT in the
growth media will inhibit the production of histidine to the extent that cells truly
producing histidine via the two-hybrid method will synthesize enough to survive
while those making histidine by some other means will not. 3-AT was added to
the plates at increasing concentrations of 10mM, 25mM, 50mM and 100mM, a
range that was employed in order to determine the maximum of 3-AT that could
that could be added before a total loss of growth was observed. As the diploid
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cells were exposed to higher concentrations of 3-AT, fewer of the cells not
producing histidine via the two-hybrid HIS3 marker would survive. This
provided a more accurate visual distinction between the diploid cells that were
exhibiting the interaction versus all other cells that were not, but found other
means of producing histidine.
To serve as negative controls, the Y187 and Y190 strains containing
“empty” pACT2 and pAS2 plasmids, respectively, were used. This means that
the pACT2 plasmid lacked the VMA5 gene fusion and the pAS2 plasmid lacked
the actin gene fusion. Two mating crosses were done as negative controls: the
Y187 strain containing pACT2-VMA5 was crossed with the Y190 strain
containing the empty pAS2 vector, and the Y187 strain containing the empty
pACT2 vector was crossed with the Y190 strain containing pAS2-actin.
Furthermore, the Y187 strain containing the pACT2-VMA5 plasmid was
mated with 35 transformants of the Y190 strain, each containing one of 35
mutations to actin’s only structural gene, ACT1, fused to the pAS2 plasmid, in
order to determine the location of the subunit C binding site on an actin molecule.
These 35 yeast actin mutants were received from David Amberg (SUNY Upstate
Medical University), who also made the actin-containing two-hybrid plasmids
that were used. These mutations were originally designed by Wertman et al.
(1992) in order to determine the phenotype that each mutation produced.
The 35 pAS2-actin mutants in addition to the wild type actin two-hybrid
plasmid (pDAb 7) and a negative control plasmid (pAS-lamin) were all
transformed into the Y190 yeast strain, and transformants were selected on SD –
trp as described above. For the first trial of this experiment, the 37 yeast colonies
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were patched on an SD –trp plate in an 8 x 5 grid. To mate each of the Y190
mutants with the Y187 yeast cells containing the pACT2-VMA5 plasmid, a lawn
of the transformed Y187 cells was grown on an SD –leu plate, and both plates
were mated via replica plating onto a YEPD pH 5.0 + ade plate before being
transferred to the two-hybrid selection plates. For use in future trials of the twohybrid assay, the Y190 pDAb 7, pAS-lamin and actin mutants were frozen at 86°C after being inoculated in SD –trp media containing 30% glycerol and kept in
96-well plates. Further trials of the two-hybrid method employed streaking as
opposed to replica plating in order to transfer the diploid cells to the selection
plates once the initial mating had been carried out.
The two-hybrid method was also used to determine the site of actin
binding on subunit C. The DNA encoding the foot domain of subunit C, a
proposed binding site for actin, was isolated previously by a member of the Kane
Lab and amplified by the polymerase chain reaction, or PCR, using an MJ
Research Minicycler with a heated lid. The reaction began with 5 min at 95°C,
and then underwent 29 cycles of 94°C for 1 min, 56°C for 1 min and 72°C for 4
min to denature, anneal and elongate the DNA, respectively. After a final
extension for 10 min at 72°C, the product was stored at 4°C until needed. For this
amplification of the VMA5-foot DNA construct, the following primers were used:
VMA5/5’2Hyb GCGGATCCTCATGGCTACTGCGTTATATACTGC
VMA5/3’2Hyb CCGAGCTCCACAATCACAGTGTATTATCTCTATG
These oligonucleotides were designed by Ester Cobb in the Kane lab. The DNA
polymerase used for PCR was LA-Taq (Takara). The PCR product was then
purified with the GENECLEAN SPIN kit (BIO101). Addition of a non-templated
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adenine for cloning was carried out with Taq DNA polymerase and dATP, and the
A-tailed product was cloned into the pGEM-T Easy vector with the aid of DNA
ligase (Promega). The pGEM-T Easy vector containing the VMA5-foot insert
was then transformed into XL Blue competent cells (Stratagene); E. coli cells
containing the VMA5-foot DNA grow with a white color due to inactivation by
the pGEM-T Easy vector of β-galactosidase, the enzyme responsible for breaking
down lactose. Cells that still have β-galactosidase activity—which can be
induced by IPTG (isopropylthio-β-D-galactosidase)—do not contain the pGEM-T
Easy plasmid, and are detected by X-gal (5-bromo-4-chloro-3-indolyl- β-Dgalactopyranoside), giving them a blue color. Plasmids were purified from
selected white colonies upon purification using the QIAprep Spin Miniprep Kit
(Qiagen) and checked for the proper insert. Methods of confirming the presence
of the insert included an EcoRI digest and sequencing. Those plasmids that were
found to contain the VMA5-foot insert were then used to subclone the insert into
the pACT2 vector via a sequential digest with BamHI and SacI, restriction
endonucleases. Digesting the plasmid with these enzymes served to cut both the
pACT2 plasmid as well as the pGEM-T Easy plasmid containing the VMA5-foot
insert. The resulting pieces were then purified, ligated and transformed into E.
coli cells just as was described previously. Plasmids were once again purified
from selected transformants, and the success of the insertion of the VMA5-foot
DNA into the pACT2 plasmid was verified by doing a double digest with BamHI
and PstI and observing the proper-sized bands on an agarose gel. Once E. coli
cells containing the altered pACT2 were identified, the plasmid was isolated and
transformed into the Y187 yeast strain, and transformants were selected on SD –
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leu media. Y187 transformants were mated with the Y190 yeast strain containing
the pAS2-actin plasmid.
Additional trials of the two-hybrid method were also carried out using
variations of the familiar Y187 strain as well as different strains of S. cerevisiae
containing appropriate two-hybrid marker constructs. Regarding the Y187 strain,
one more trial was performed in which a vma2∆::natR mutation was introduced
using the GIETZ high cell number yeast transformation protocol (Linda Hoskins,
Hahn Lab). A PCR product containing a deletion of the VMA2 gene—coding for
subunit B within the V-ATPase—which was replaced by the drug resistance
marker gene natR was obtained to use for transformation. Upon transformation,
the cells were spread onto YEPD pH 5.0 + ade media, then replica plated onto
YEPD unbuffered + nat media and finally transferred to YEPD pH 7.5 + Ca2+ to
test for the Vma¯ phenotype. To ensure that the strain had received the plasmid
containing the vma2∆::natR, total protein was extracted from colonies that grew
on the YEPD unbuffered + nat media, and the resulting whole cell lysates were
analyzed via Western blotting. If the VMA2 gene underwent successful deletion
upon transformation, the 60-kDa band representing subunit B would not appear
on the Western blot, and the strain could be used for a trial of the two-hybrid
assay.
Other yeast strains used include PJ69 4a and PJ69 4α (P. James et al,
Genetics) wild type strains (trp1-901, leu2-3, 112 ura3-52, his 3-200, gal4∆,
gal80∆, LYS2::GAL1-HIS3, GAL2-ADE2, met2::GAL7-LacZ) from the Yeast
Resource Center, the PJ69 4a and PJ69 4α vma2∆ strains (trp1-901, leu2-3, 112
ura3-52, his 3-200, gal4∆, gal80∆, LYS2::GAL1-HIS3, GAL2-ADE2,
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met2::GAL7-LacZ, vma2∆::URA3) and the PJ69 4a and PJ69 4α vma4∆ strains
(trp1-901, leu2-3, 112 ura3-52, his 3-200, gal4∆, gal80∆, LYS2::GAL1-HIS3,
GAL2-ADE2, met2::GAL7-LacZ, vma4∆::URA3). Either the VMA2 and VMA4
genes were replaced in these strains with a URA3 marker gene; these mutations
were previously made by members of the Kane Lab. Similar to the Y187 and
Y190 strains, the PJ69 strains contain a HIS3 two-hybrid marker gene as a means
of testing for the protein-protein interaction; however, the PJ69 strains cannot
grow at high concentrations of 3-AT, so the strains also contain an ADE2 twohybrid marker gene, which codes for adenine, to enhance the selection for diploid
cells and make up for the leaky selection that HIS3 provides. The pACT2
plasmid containing the VMA5-activation domain insert was transformed into each
of the three PJ694α strains and transformants were grown on SD –leu. The pAS2
plasmid containing the actin-DNA binding domain insert was transformed into
each of the three PJ69 4a strains and transformants were grown on SD –trp.
Empty pACT2 and pAS2 plasmids were also transformed into their respective
PJ69 strains. The a and α mating types of each strain were mated initially on
YEPD pH 5.0 via replica plating and then transferred by the same method to the
selection plates, which consisted of SD –leu –trp –ade, SD –leu –trp –his –ade and
SD –leu –trp –his + AT media—in order from least to most selective—for the
two-hybrid assay.
Co-Immunoprecipitation
As a way of confirming the interaction between subunit C and the actin
cytoskeleton, a biochemical assay unrelated to the two-hybrid method was
employed. Co-immunoprecipitation is a technique used to identify protein-
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protein interactions by isolating one protein of interest with a specific antibody
and subsequently detecting the presence of other bound proteins by one of several
means; in this study, Western blotting was used. The isolated proteins were
separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis), transferred to a nitrocellulose membrane and probed with
monoclonal antibodies against each of the proteins of interest.
The 5Aa vma5∆ strain (Kane Lab) was transformed with a plasmid
containing myc2-VMA5, a version of subunit C tagged with two myc epitopes.
This tag served as a probe for detecting the presence of subunit C. The
transformed cells, now containing a URA3 marker gene from the plasmid, were
grown in SD –ura media, while the 5Aa vma∆5 cells, which served as the
negative control, were grown in YEPD pH 5.0 media. Initially, 5 OD600 units of
cells were used while later trials utilized 10 OD600 units of cells; the OD600 unit is
a measurement of the amount of light absorbed by a liquid culture at a wavelength
of 600nm and is proportional to cell number. Cell wall lysis was done by thirty
minutes of incubation with the hydrolytic enzyme zymolase, and spheroplasts
were solubilized upon a twenty-minute incubation with a solution containing
phosphate buffered saline (PBS), 1% C12E9 detergent and protease inhibitor
cocktail: 1mM PMSF, 1µg/ml leupeptin, 5µg/ml aprotinin, 1µg/ml pepstatin and
2µg/ml chymostatin. A suspension of dithiobis-succinimidylpropionate in
dimethyl sulfoxide functioned as a crosslinker to stabilize weakly bound
complexes. Protein A-Sepharose beads reconstituted in a solution of PBS, BSA
and sodium azide were pre-absorbed with lysate in the absence of antibody to
remove nonspecific binding proteins. The remaining supernatants were incubated
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with a mouse IgG monoclonal anti-c-myc antibody (Roche) overnight at 4°C, and
new Protein A-Sepharose beads were subsequently used as the antibody-binding
protein in order to immunoprecipitate the myc-tagged subunit C via the anti-cmyc antibody. Subunit C and anti-myc antibodies were then eluted from the
Protein A-Sepharose upon addition of cracking buffer containing 5% βmercaptoethanol. After the cell wall lysis stage, 10% of the lysate was removed
to serve as a quantitative comparison on the Western blot.
For the SDS-PAGE, typically 15µl—but sometimes 35µl—of each
immunoprecipitate and lysate were loaded onto a gel consisting of a 12%
acrylamide resolving gel and a 4% acrylamide stacking gel. All four of the
samples were loaded twice so each could be probed with both of the primary
antibodies, each against one of the two proteins of interest. The gel-infused
proteins were then transferred to a nitrocellulose membrane, and the membrane
was incubated with Blotto, a suspension of 2% non-fat milk powder and 10%
Tween detergent in Tris-buffered saline, which prevents the antibodies from nonspecifically binding to the nitrocellulose. At that point, the membrane was
divided in half so that all of samples could be incubated with the mouse IgG
monoclonal anti-c-myc primary antibody (Roche) to make sure that the Protein ASepharose beads had bound to and pulled down the myc-tagged subunit C or with
the monoclonal mouse anti-actin primary antibody (MP Biomedicals, Inc) to
detect the presence of actin if it had also been pulled down by the beads via
binding to subunit C. Each piece of nitrocellulose was then incubated with a
rabbit anti-mouse alkaline phosphatase-conjugate secondary antibody (Promega)
to probe for each of the primary mouse antibodies. This antibody can be detected
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with a mixture of color reagents by reacting to form a dark purple precipitate.
This mixture contains 5-bromo-4-chloro-3-iodolyl phosphate (BCIP) and nitro
blue tetrazolium (NBT) in carbonate buffer. As a result, the proteins of interest
can be visualized and identified by size when run alongside a standard protein
ladder. In this experiment, the PageRuler Prestained Protein Ladder was used
(Fermentas).
RESULTS
Using the assays described above, the proposed interaction between
subunit C of V-ATPase and actin of the cytoskeleton in Saccharomyces cerevisiae
was tested. Preliminary data will be presented suggesting where subunit C binds
on the actin monomer, which fits well with all the data that has been collected
thus far in regard to the subunit C-actin interaction (see DISCUSSION). First,
results found by means of the two-hybrid assay will be asserted, followed by
results obtained from the co-immunoprecipitation assay.
Initial Mating and Vma5p Overexpression
The very first trial of the two-hybrid method involved mating the Y187
strain containing the pACT2-VMA5 plasmid and the Y190 strain containing the
pAS2-actin plasmid, which served as the standard cross for detecting the
interaction, as well as the two negative control crosses explained above (Y187
containing pACT2-VMA5 mated with Y190 containing the empty pAS2 plasmid
and Y187 containing the empty pACT2 plasmid mated with Y190 containing
pAS2-actin) for comparison. After initial mating on YEPD pH 5.0 + ade and
subsequent transfer onto SD –trp, –leu media, it appeared that all three sets of
mated haploids were growing at comparable rates. Thus, they were transferred to
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the 3-AT test plates containing either 10, 25, 50 or 100mM of 3-AT in order to
limit the production of histidine and narrow the selection for interacting partners.
Although the most growth was observed in the presence of 10mM 3-AT and the
least at 100mM 3-AT—as was expected—there was a general growth trend
among the three crosses: the diploid cells containing the empty pACT2 and the
pAS2-actin plasmids grew the most, followed by the diploid cells containing the
pACT2-VMA5 and pAS2-actin plasmids, and lastly, the diploid cells containing
the pACT2-VMA5 and the empty pAS2 plasmids showed the least growth.
Because the cells containing both the VMA5 and actin fusion proteins did not
exhibit superior growth, the conclusion that an interaction exists between subunit
C and actin could not be drawn from this experiment.
Interestingly, however, little growth was observed in either of the sets of
diploid cells that contained the VMA5 fusion protein, when compared to the set of
diploids that only contained the actin fusion protein. This observation led to
speculation that overexpression of the VMA5 gene product, VMA5p, or subunit
C, from the two-hybrid vector was inhibiting cell growth. Vma5p overexpression
coupled with overexpression of Vma13p (subunit H), is known to cause the Vma¯
phenotype, which typically occurs in the absence of any one of the V-ATPase
subunits and causes growth to be pH and calcium sensitive (Curtis and Kane,
2002). This combination of overexpression, therefore, exhibits decreased VATPase function, leading to reduced growth of yeast cells. Vma5p
overexpression, specifically, causes a weakened proton gradient when compared
to wild type cells (Curtis and Kane, 2002). Vma5p and Vma13p overexpression
at a high level in yeast is also known to be lethal, and it is thought that Vma5p
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overexpression contributes to this lethality when the excess subunit C binds to
free V1 in the cytosol (Curtis and Kane, 2002).
To address the problem of VMA5p overexpression, it is common practice
to delete the gene of one of the subunits from the V1 domain because that makes
the domain dysfunctional. This process does not decrease the expression of the
VMA5 gene but lessens the negative effects of the overexpression. Therefore, in
response to the hypothesis that VMA5p overexpression was causing limited
growth in this two-hybrid trial, an attempt to design cells with a deletion of the
VMA2 gene (codes for subunit B) replaced with the natR gene was made. The
attempt failed when vma2∆::natR DNA did not amplify well by PCR, which is not
uncommon when using the natR marker gene. Without more copies of
vma2∆::natR DNA, its transformation into the Y187 strain was virtually
impossible. This was illustrated by the Western blot performed with whole cell
lysates of post-transformation cells that appeared to have acquired resistance to
nat because the blot clearly displayed the 60-kDa band corresponding to the
VMA2 gene product. Therefore, cells containing a VMA2 deletion could not be
used for the two-hybrid assay in order to account for the possibility of VMA5p
overexpression.
Another attempt to skirt VMA5p overexpression was done in which the
Y187 and Y190 two-hybrid strains were completely abandoned, and various PJ69
4a and PJ69 4α strains were used (P. James et al, Genetics), including wild type,
vma2∆ and vma4∆ forms of each. The same pACT2 and pAS2 E. coli plasmids
were used to transform the PJ69 strains. However, after three attempts,
transforming the PJ69 4α vma4∆ strain with the pACT2-VMA5 plasmid was
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unsuccessful, so the vma4∆ strains could not be used for mating by the twohybrid method. Ultimately, a total of eight two-hybrid crosses were done using
the four remaining PJ69 strains (two wild type strains and two vma2∆ strains)
transformed with either their respective E. coli plasmid containing the proper
fusion protein or the empty version of that plasmid. A list of these crosses
appears in Figure 6. Eventually, all the resulting diploids grew on YEPD pH 5.0
media and subsequently on SD –trp, –leu media. However, upon transfer to the
three types of test plates (SD –trp, –leu, –ade; SD –trp, –leu, –his + AT; and SD –
trp, –leu, –his, –ade), no growth was observed. The cells were transferred to the
test plates via streaking in order to avoid losing cells upon each round of replica
plating as well as to select for the cells exhibiting the most active growth. In
addition, the cells were first transferred from SD –trp, –leu plates to the test plates
after eight days and once again from SD –trp –leu plates to new test plates after
15 days. Neither set of test plates showed any growth even after several weeks,
and thus, after a second unsuccessful attempt, the growth of the diploid cells
during the two-hybrid assay without the effects of VMA5p overexpression could
never be observed.
Two-Hybrid Assay: the Actin Mutants and Subunit C Binding Site
Although the initial trial with the transformed Y187 and Y190
strains did not yield conclusive results about the interaction between subunit C
and actin, further trials were performed using these strains; however, in these
experiments the Y187 strain containing the pACT2-VMA5 plasmid was mated
with a set of 35 actin mutations (Wertman et al., 1992), each separately
transformed into the Y190 strain, obtained from David Amberg (SUNY Upstate
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Medical University), which produced more promising evidence. This particular
set of mutants was relevant to my two-hybrid experiments because all of the
mutations were made along the surface of actin’s structure with the intention that
they could be used to identify new proteins that interact with actin as its regulators
and to study known proteins of this nature further (Wertman et al., 1992). To
construct these mutations, a process known as “cluster charged-to-alanine
scanning mutagenesis” was employed, where the actin amino acid sequence is
scanned for clusters of charged residues, which are only found near the surface of
the protein, and a set of one, two or three of the charged amino acids within any
given cluster is substituted with alanine residues (Wertman et al., 1992). Alanine
has one of the simplest structures of all 20 amino acids, having merely a methyl
group as its side chain; it is also uncharged. These qualities make alanine a
suitable substitute for the charged clusters making up actin’s surface because it
alters the properties of actin but not to an extent that would lead to dramatic
alterations in actin’s overall structure and function, resulting in detrimental effects
on the yeast cells. Furthermore, the fact that charged clusters are only found on
the surface of actin allows surface residues to be targeted, preventing disturbances
to the hydrophobic core, which would cause major unfolding and modification to
actin’s structure (Wertman et al., 1992).
Once the alanine substitutions were made, each mutated form of actin
replaced the normal ACT1 gene and was transformed into a marked yeast strain.
As a result, the effects of the mutations on S. cerevisiae could be observed in vivo
(Wertman et al., 1992). The phenotypes of this group of mutations were as
follows: 16 of the mutants showed temperature-sensitive growth, where the
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temperature at which each grew optimally varied greatly among them, and some
were cold-sensitive while some struggled under high salt conditions; 11 of the
mutants exhibited recessive lethality, and many showed similar behavior to that of
the null allele, meaning that they showed limited growth at 37°C; two of the
alleles were presumed to be dominantly lethal because they ultimately could not
be recovered in the experiment; the 7 remaining mutants showed no measurable
phenotype when either the temperature or the osmotic conditions were
manipulated (Wertman et al., 1992). (The location of each of these mutants on
the actin monomer and their respective phenotypes can be found in Figure 7; the
corresponding placement of these mutants on the two-hybrid plates can be found
in Figure 8). In addition, upon examining the crystal structure of the actin
molecule, it was determined that 81% of the alanine substitutions made within
actin’s amino acid sequence were, in fact, located on the surface of its structure
(Wertman et al., 1992), making them very useful in the study of proteins that bind
to actin’s surface. This set of actin mutants was subsequently transferred to twohybrid vectors, so regions of interaction with different actin-binding proteins
could be defined (David Amberg, SUNY Upstate Medical University).
This set of actin mutants in two-hybrid vectors, accompanied by a
negative control and cells containing wild type actin, was mated with the
transformed Y187 strain just as was done in the first trial: cells were given one
day to mate on YEPD pH 5.0 + ade media before being transferred to SD –trp, –
leu media, and once growth was observed on SD –trp, –leu media (typically after
one week), the diploid cells were transferred to the 3-AT test plates (see Figure 9
for observed growth). It is important to note that because the cells were all replica
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plated from the same plate of diploid cells, they were transferred to the plate
containing 100mM 3-AT first, followed by transfer to the remaining test plates in
order of decreasing 3-AT concentration. This was done to insure that enough
diploid cells were transferred to the plates containing the highest concentrations
of 3-AT, as those provide for the most stringent selection. The growth on each
test plate was scored on a scale of +++, ++, +, +/− and −. The scores of each
mutant grown in the presence of each 3-AT concentration for each trial can be
found in Figure 10a, b and c. These scores were then assigned a corresponding
numeral value for quantification: +++ = 4, ++ = 3, + = 2 and +/− = 1. The scores
of the first three trials, all employing mating and plate transfer via replica plating,
were combined and have been presented in graphical form in Figure 11.
Although the cells containing wild type actin only grew slightly more than
the negative control, which lacked the actin fusion protein needed to participate in
the two-hybrid assay, several of the actin mutants grew much better than the
negative control, indicating that the interaction most likely takes place regardless
of weak wild type growth. More interestingly, several of the actin mutants—not
in the group of null alleles, which do not produce stable actin protein—failed to
grow even in the presence of low concentrations of 3-AT, i.e. 10mM and 25mM
levels. Assuming that the interaction does take place, which is supported by the
fact that a handful of the mutants survived even at concentrations of 3-AT as high
as 50mM and 100mM in all trials, those mutants that failed to grow at lower 3-AT
levels presumably disrupt sites of subunit C binding. The fact that these mutants
were unable to grow on the selective media means that they were unable to
interact with subunit C in order to activate HIS3 transcription and produce
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histidine, and a logical conclusion can be drawn that the point mutations
characterizing these mutants are directly involved in binding to subunit C.
To make a distinction between which actin mutants “grew” and which
ones “didn’t grow,” I used the quantitative score (See Figure 11) of each mutant
and compared it to the score of the wild type actin cells. Mutants with scores
below that of the wild type actin (excluding the null alleles) were labeled as those
that “didn’t grow,” and include the following numbered mutants: 54, 57, 64, 66,
72, 75, 78, 81, 84, 87, 90, 105 and 109. The point mutations corresponding to
these mutants were then identified on the actin monomer diagram made by
Wertman et al. (1992). The mutants containing more than one point mutation
(either two or three) were uniquely identified as such in order to avoid an
exaggeration of the results in the case that only one of the multiple mutations was
responsible for the lack of growth (see Figure 12). While every experiment has
its outliers, two general trends appeared in terms of the locations of these
mutations when the data from all three trials were combined. The largest cluster
of mutations fell on the right side of the actin monomer as drawn in Figure 12,
consisting of domains 1 and 2, and the mutations were somewhat consistently
distributed along that entire face of the molecule. This trend was apparent
immediately after the first two-hybrid trial involving the actin mutants. However,
a less obvious trend also became visible upon merging the data from all three
trials. About five mutations were located in a small cleft on the left side of the
molecule between domains 3 and 4, therefore, indicating one of two things.
Either actin contains two subunit C binding sites and V-ATPase can bind to either
side of the actin monomer, or one side of one actin monomer and the opposite
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side of an adjacent actin monomer line up in a filament, allowing the same
subunit C molecule to bind both monomers within an actin filament.
After these first three trials, several changes were made to maximize
mating as well as growth of diploid cells on selective media. Firstly, instead of
using the lawn of Y187 pACT-VMA5 transformants to mate with the grid of actin
mutants, a colony from the lawn was inoculated in SD –leu to maintain its
transformed state, incubated overnight, spread onto an SD –leu plate and finally,
mated with the Y190 actin mutants after having just enough time to soak into the
plate. This provided a more even distribution of Y187 transformants and
therefore, a better chance for all of the Y190 actin mutants to mate with them.
Another change was that the transformed Y187 and Y190 cells were given
between three and five hours of incubation on YEPD pH 5.0 + ade media for
initial mating before they were transferred to SD –trp, –leu media rather than an
overnight incubation. This would further limit the number of diploid cells that
could lose the pACT2 and/or pAS2 plasmids by shortening the length of their
exposure to nonselective media. Most of the mutants grew better upon being
transferred from YEPD pH 5.0 + ade after three hours rather than after five hours,
and ultimately those were the cells transferred to the selective media. Lastly,
although the initial mating onto YEPD pH 5.0 + ade and the transfer onto SD –
trp, –leu were carried out by replica plating, the transfers to selection plates
containing 3-AT were done by selecting healthy colonies from the SD –trp, –leu
plates and streaking them onto the selection plates. Additionally, the mated
diploid cells were streaked several times onto new SD –trp, –leu plates before
even being introduced to the selection plates containing 3-AT in order to ensure
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that only true mated diploid cells were chosen to be streaked onto the test plates.
Streaking also prevents the inconsistency associated with replica plating.
Especially when using such a large number of variable cells and comparing their
relative growth, it is essential in replica plating to apply equal pressure to all areas
of both the original and receiving plates so that a similar amount of cells are
transferred and mated for all cell varieties being tested. Moreover, because the
diploid cells selected for on the SD –trp, –leu media were transferred via
streaking, more space was given for each set of diploids to grow, and therefore,
each plate contained just eight actin mutants as opposed to all 37. This also cut
down on contamination among mutants due to their proximity to one another.
That being said, a fourth and final trial of the two-hybrid method
involving the 35 actin mutants was carried out with these changes in mind (see
Figure 13 for mutant growth on two-hybrid plates). Just as in the past trials,
diploid cell growth on the 3-AT selection plates was scored with one of the
following: +++, ++, +, +/−, and − (see Figure 14). These scores were also
assigned the same corresponding numerical values for quantification (+++ = 4, ++
=3, + = 2 and +/− = 1). Because so many changes were made at the outset of this
trial, the results were not included with those of the other three trials. A similar
graph was constructed using these quantitative scores, which is shown in Figure
15. This time, to distinguish between cells that “grew” and those that “didn’t
grow,” the wild type cells were again used as the basis of comparison. However,
this time cells that grew more than wild type were classified as those that “grew”
and cells that grew as much as or less than wild type were classified as those that
“didn’t grow.” Those that grew as well as wild type cells were placed in the
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category of no growth because almost all of the mutants grew as well as wild type
in this trial due to the streaking method that was used. Since only healthy
colonies were chosen to be transferred to the test plates, very few of the mutants
lacked growth substantially even in the presence of 3-AT.
Therefore, the following mutants were classified as having no growth: 54,
57, 64, 66, 81, 84, 87, 90, 100, 105, 109, 111, 120, 123 and 132. A distinction
should be made between these mutants and those that show a score of 0 on the
graph—72, 75, and 114—as these mutants failed to grow on the SD –trp, –leu
media even before being introduced to 3-AT on the test plates. These mutants
also were identified on the actin monomer in the same manner as the previous
three trials (see Figure 16). Although the results from this trial showed that the
point mutations potentially involved in the direct binding of subunit C were more
abundant and somewhat more scattered across the actin monomer, the same two
trends mentioned above are visible. This becomes even more obvious when the
mutations common to both sets of trials are identified on the actin monomer (see
Figure 17). These common mutants (54, 57, 64, 66, 81, 84, 87, 90, 105 and 109)
were evenly distributed between the left and right sides of the actin monomer, five
situated between domains 3 and 4 on the left, and two and three mutants situated
in domains 1 and 2, respectively, on the right, still suggesting that actin has a
subunit C binding site on each side of its monomeric structure.
Upon comparing the two methods of transferring cells to their test plates
that were used here, it seems as though replica plating provided the more specific
localization of actin amino acid residues that are potentially involved with actin’s
interaction with V-ATPase’s subunit C. Although streaking was implemented in
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hopes of maximizing the growth of the actin mutants in the presence of 3-AT, so
much growth was observed among the mutants that it became difficult to
distinguish differences between the relative growth of each, excluding the few
mutants discussed above showing more growth than even the wild type cells.
This left two options: either classifying too few mutants as being involved in the
interaction or classifying too many, making it difficult to pinpoint a specific
binding site in either case. It is difficult to compare the results of this trial to the
other set of data, however, because it was the only trial done under altered
experimental conditions while three trials were carried out before such changes
were employed. Nonetheless, all the data suggests that subunit C can bind to
either side of actin’s structure: at the interface of domains 3 and 4 and along the
face shared by domains 1 and 2.
Actin’s Binding Site on Subunit C
In order to determine which part(s) of subunit C binds to actin, a construct
of DNA only coding for the foot domain of subunit C was used. If all of the
interactions could be observed in the absence of the head and neck domains, the
foot domain could be characterized as an actin binding site. Alternatively, if only
some interactions were observed, this might suggest that there are multiple
binding sites on subunit C. Because the head and foot domains show strong
structural homology, it is possible that either of them could bind to actin, although
it has been proposed that the actin binding site is located on the foot domain
(Drory et al., 2004). As a result, the foot domain was chosen for this experiment
in addition to the fact that its DNA had already been isolated and cloned into the
pRS316 plasmid for previous experiments in the Kane Lab. The PCR-amplified
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VMA5-foot DNA consistently yielded a major product slightly above the 1-kb
band on the DNA ladder (see MATERIALS AND METHODS). Because the size
of this product was also consistent with the known size of the VMA5-foot DNA
fragment containing 977 base pairs (plus 67 base pairs of oligonucleotides), this
product was purified and used to clone the VMA5-foot insert into the pGEM-T
Easy vector. However, after purifying the DNA from white E. coli cells that
appeared to lack β-galactosidase activity and contain the pGEM-T Easy vector,
the bands detected by DNA electrophoresis were always less than 2kb in size.
The DNA fragment consisting of the pGEM-T Easy vector containing the VMA5foot insert should have been close to 4kb in size since the VMA5-foot DNA insert
was slightly more than 1kb, and the pGEM-T Easy vector is 3kb. Although the it
is possible that the vector + insert were supercoiled, allowing it to travel more
easily through the agarose matrix, when it was incubated with the restriction
enzyme EcoRI in order to remove the VMA5-foot insert from the pGEM-T Easy
vector and analyzed by DNA electrophoresis, there was no change in the bands
observed. While there should have been two bands present, one at 3kb and
another at 1kb, typically there was only one band detected by ultraviolet light at
around 2kb even when up to eight E. coli colonies were screened from the same
transformation. The occasional colonies that did show bands of another size after
DNA purification did not produce the desired 1-kb and 3-kb bands after being cut
with EcoRI. This 2-kb band could have been the pGEM-T Easy vector, but the 1kb VMA5-foot DNA insert was never accounted for; the conclusion was drawn
that this DNA fragment was not inserted into the pGEM-T Easy plasmid to begin
with. Therefore, the VMA5-foot DNA could not be subcloned into the pACT2
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plasmid, transformed into the Y187 yeast strain and mated in the two-hybrid
assay as was intended. Consequently, the actin binding site on subunit C remains
to be determined.
Confirmation by Co-immunoprecipitation
The interaction between subunit C of V-ATPase and actin was confirmed
using the biochemical assay, co-immunoprecipitation, and analysis was done via
SDS-PAGE and Western blotting. Trials of the co-immunoprecipitation
experiment where 5ODs of cells were used for both the 5Aa VMA5 2x N-myc
cells and the 5Aa vma5∆ cells were inconclusive, but the final trial utilizing
10ODs of each cell type yielded promising results (see Figure 18), supplementing
the two-hybrid assay results discussed above.
To detect the presence of subunit C in the immunoprecipitation product, it
was tagged with two N-terminal myc epitopes and probed with an anti-myc
antibody. When compared to the negative control—cells not containing the
VMA5 gene—the product containing the VMA5 myc-tagged cells yielded a
unique band just below the heavy chain of the anti-myc antibody. However, this
band was about 50kDa, which is somewhat high for the 42-kDa subunit C plus
two n-myc epitopes at approximately 0.5kDa each. The band detected from the
lysate of the VMA5 myc-tagged cells also ran on the high side, though, at around
46kDa, so it is a possibility that this 50-kDa band corresponds to the myc-tagged
subunit C. Perhaps if a higher percentage of resolving gel was used (> 12%), it
would have been easier to distinguish between this band and the anti-myc heavy
chain. On a side note, is encouraging that subunit C was not detected with the
anti-myc antibody in the lysate from the cells with a vma5∆; this observation
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makes for more plausible results regarding the detection of actin in the
immunoprecipitation products.
In order to detect the presence of actin, a separate quantity of the
immunoprecipitation product was probed with an anti-actin antibody. A band
appeared at around 43kDa for both the cells containing myc-tagged subunit C and
those without the gene that codes for subunit C, which is very close to the
molecular weight of actin, 42kDa. More importantly, this band was significantly
darker for the cells containing myc-tagged subunit C than for those lacking the
VMA5 gene, which would indicate that subunit C was responsible for pulling
actin into the immunoprecipitate, as bands corresponding to both subunit C and
actin were absent on the Western blot for the vma5∆ cells.
Although subunit C was not definitively identified in the
immunoprecipitate of the VMA5 myc-tagged cells on the blot probed with an
anti-myc antibody, it was detected strongly in the lysate from these cells, which
supports the idea that, when probed for by an anti-actin antibody, actin was
detected in the immunoprecipitate of the VMA5 myc-tagged cells because it was
interacts with subunit C.
DISCUSSION
Subunit C as V-ATPase’s Link to the Cytoskeleton
Now that it is clear that subunit C of V-ATPase interacts with the actin
cytoskeleton in yeast, possible explanations for this interaction in terms subunit
C’s role in yeast V-ATPase will be explored. Because organelle membrane and
plasma membrane V-ATPases function in very similar ways, many of the
proposed explanations for the significance of plasma membrane V-ATPase’s
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interaction with the actin cytoskeleton can be applied to organelle membrane VATPases. One example of this is the implication that V-ATPase, relies on actin
for trafficking purposes, as many other cellular proteins do. In osteoclasts it has
been suggested that via its interaction with actin, subunit B is responsible for
directing V-ATPase to the ruffled membrane in order for bone resorption to
commence (Lee et al., 1999). Although the plasma membrane might be
considered more stationary with respect to the cell while organelle membranes
show more movement with the fluidity of the cytosol, this concept of intracellular
trafficking may still extend to organelle membrane V-ATPases. In fact, it has
been proposed that the interaction of subunit C with actin in yeast may guide VATPases to their appropriate organelle membranes within a cell (Drory et al.,
2004). In addition, interacting with the actin cytoskeleton may serve a trafficking
role that is unique to organelle membrane V-ATPases. It is known that
interactions with the cytoskeleton are involved in directing organelles to their
appropriate location within a cell, and this could be made possible by V-ATPase
and subunit C—at least in organelles that serve as participants in either the
endocytic pathway or secretory pathway (Drory et al., 2004).
Furthermore, evidence of plasma membrane V-ATPase’s interaction with
actin intensified subunit C’s expected role as in regulating V-ATPase activity, a
role also associated with subunit C in the organelle membrane V-ATPases in
yeast. In the plasma membrane V-ATPase of Manduca sexta, actin has been
suggested as one of the cellular proteins that likely regulate V-ATPase activity
(Vitavska et al., 2003). This conclusion was based on subunit C’s location on the
periphery of the central stalk between the core subunits of V1 and V0 of the V-
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ATPase complex as well as its unique dissociation from both the V1 and V0
domains during V-ATPase reversible disassembly (Zhang et al., 2006; Kane,
1995). In addition to the observation that subunit C is essential to accurate VATPase assembly (Beltrán et al., 1992), these characteristics all point toward a
regulatory role for subunit C, which is further supported by its interaction with the
cellular protein, actin. Regulation of acidification by V-ATPase across the
plasma membrane and across the membranes of organelles is presumably
achieved by the same mechanism, and therefore, this regulatory role for subunit C
can be broadened to include V-ATPases inhabiting organelle membranes.
In the same studies done to characterize the interaction between subunit C
and actin in Manduca sexta, researchers also suggested that a connection to the
cytoskeleton could provide support, via subunit C, for the stator subunits of VATPase that function to stabilize the enzyme and prevent inappropriate rotation in
response to the actively-rotating central stalk and c ring (Vitavska et al., 2003).
This role for subunit C in plasma membrane V-ATPases could easily encompass
organelle membrane V-ATPases and explain subunit C’s interaction with actin in
yeast. V-ATPase’s link to the cytoskeleton via subunit C may also help to anchor
the organelles they inhabit in their functional locations by prolonged binding to
actin once they have been targeted and organized within the cell.
Subunit C’s Binding Site: A Comparison of Actin-Binding Proteins
This study revealed that subunit C likely has two binding sites on the actin
monomer, located on the sides of the molecule. Initially, this was a somewhat
surprising result because it was originally predicted that subunit C would bind to
actin in its cleft located between domains 1 and 3 (see Figure 19). This was
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proposed after subunit C’s head and foot domains were found to be structurally
similar to another actin-binding protein, gelsolin (Drory et al., 2004). More
interestingly, subunit C’s divergence from other actin-binding proteins is not
unique to its binding site. Subunit C also varies in the forms of actin it binds as
well as in its contributions to the dynamics of actin polymerization and
depolymerization (Vitavska et al., 2005). In Manduca sexta, it was reported that
subunit C binds to monomeric (G) and filamentous (F) actin with equal affinity
and binds G-actin in the ATP- and ADP-bound states equally (Vitavska et al.,
2005). Subunit C was also found to stabilize actin filaments at any pH, averting
depolymerization and actually promoting polymerization by increasing its initial
rate (Vitavska et al., 2005). These functional results were then compared to those
of two types of common actin-binding proteins having similar binding
characteristics: profilins, which bind to G-actin, and proteins of the ADF (actin
depolymerizing factor)/cofilin family, which bind to both G- and F-actin
(Vitavska et al., 2005).
Profilin is a prevalent actin-binding protein that prefers to bind to the
ATP-bound G-actin over the ADP-form and binds to actin’s cleft between
domains 1 and 3 (Moon and Drubin, 1995; Kabsch and Vandekerckhove, 1992).
While profilin promotes ADP-to-ATP exchange and encourages actin monomers
to polymerize, it also promotes actin depolymerization by binding to actin
molecules that have dissociated from the ends of filaments (Moon and Drubin
1995). These two opposing effects on actin filaments give profilin a role in
controlling the level of monomeric actin that is free in the cytosol versus how
much is integrated into filaments (Vitavska et al., 2005). Although both subunit C
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and profilin bind G-actin, their involvement in polymerization/depolymerization
of actin filaments differ, which may explain why they do not share a common
binding site on the actin monomer.
The ADF/cofilin family was then consulted because it binds F-actin in
addition to G-actin, which is more similar than profilin to subunit C’s actin
binding characteristics (Vitavska et al., 2005). ADF/cofilin proteins bind ADPbound actin with more affinity than ATP-bound actin, while subunit C binds them
with equal affinity (Moon and Drubin, 1995). Proteins of the ADF/cofilin family
bind to actin filaments in order to produce a bend in the filament, sever it and bind
to the resulting ADP-bound actin monomer, preventing it from repolymerizing
(Moon and Drubin, 1995). This central depolymerizing quality of ADF/cofilin
proteins is vastly different from the encouragement of polymerization shown by
subunit C. Like profilin, ADF/cofilin proteins bind to the hydrophobic cleft
between actin domains 1 and 3, as shown in Figure 19 (Dominguez, 2004). As
stated previously, gelsolin is another actin-binding protein that binds in this actin
cleft, and it too depolymerizes actin filaments via this binding site (Dominguez,
2004; Moon and Drubin, 1995). Unlike ADF/cofilin proteins, gelsolin also caps
the ends of actin filaments to prevent further polymerization, giving it a
comparable reputation to the ADF/cofilin family as a major contributor to actin
depolymerization (Moon and Drubin, 1995).
Considering that all of these actin-binding proteins known to bind at the
actin “hot spot” between domains 1 and 3 also have large roles in actin
depolymerization, it seems logical that the polymerization-promoting subunit C
would bind to actin at different sites. This conclusion is further supported by the
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fact that the hydrophobic cleft between domains 1 and 3 is also the actin-actin
binding site by which actin filaments form. Consequently, it is reasonable to
believe that from a functional standpoint, it would be easiest for depolymerizing
actin-binding proteins to prevent actin polymerization by blocking the cleft on Gactin, F-actin or both (Dominguez, 2004). On the other hand, if V-ATPase’s
subunit C were to bind to actin at this cleft, it is very possible that it would
destabilize actin filaments, which would entirely contradict the findings that
subunit C stabilizes actin filaments and promotes actin polymerization in
Manduca sexta (Vitavska et al., 2005). If these effects on actin polymerization
are true for organisms other than Manduca sexta, they could be used to explain
the finding in this study that subunit C binds to either side of the actin monomer,
completely avoiding the actin-actin binding sites on its plus and minus ends.
Furthermore, it is likely that due to the twisting pattern of actin filaments, one of
the two sides would be exposed depending on the orientation of each molecule
within the filament; some actin molecules would be positioned so they bind to
subunit C on their “left” side spanning domains 3 and 4 while others would be
positioned for binding on their “right” side between domains 1 and 2. Based on
the differences in effects on actin filaments between profilin, ADF/cofilin proteins
and gelsolin and V-ATPase’s subunit C, it is very plausible that subunit C would
have actin binding sites that do not interfere with actin-actin interactions, and the
sides of actin as subunit C’s binding sites would certainly satisfy that
qualification.
Future Direction: Actin’s Binding Site
Although attempts to clarify whether or not the proposed foot domain is in
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fact actin’s binding site on subunit C failed, other methods exist to determine the
actin binding site, which is the next logical step in understanding this interaction.
As mentioned above, an attempt was made to insert the DNA coding for subunit
C’s foot domain into the pACT2 two-hybrid vector via cloning into the pGEM-T
Easy vector, which contains the matching BamHI and SacI restriction sites
(Promega). Even trying to clone with the 1-kb VMA5-foot DNA construct—a
relatively small insert—the hit-or-miss nature of DNA cloning led to the pGEM-T
Easy vector never accepting the insert. Therefore, it is possible that with more
trials, the VMA5-foot DNA fragment could still be inserted; however, there is an
alternative that would skirt the issue of cloning into the pGEM-T Easy vector
altogether. Site-directed mutagenesis using the QuikChange XL Kit (Stratagene)
can be used to introduce a BamHI restriction site upstream and a SacI restriction
site downstream of the VMA5-foot DNA fragment that’s already incorporated in
the pRS316 plasmid (Sheena Li, Kane Lab). From there, the insert can be cloned
into the pACT2 two-hybrid plasmid, subsequently transformed into the Y187
strain and finally mated with the Y190 strain containing the actin fusion protein in
order to see if the interaction with actin can take place with solely the foot domain
of subunit C present.
In addition to the foot domain being the proposed actin binding site on
subunit C because of its superimposability with gelsolin in the actin-gelsolin
complex (Drory et al., 2004), the foot domain as a binding site is also supported
by subunit C’s orientation within the V-ATPase complex. Antibody labeling of
subunit C and current three-dimensional models of V-ATPase have shown that
the length of subunit C is parallel to the membrane with the head domain bound to
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one of the E-G peripheral stalks and the foot domain exposed on the periphery of
the enzyme, making it easily accessible by other cellular proteins (Zhang et al.,
2006). Furthermore, because subunit C has been shown to cross-link actin
filaments, two actin binding sites have been observed: one in the N-terminal
region and the other in the C-terminal region, both of which are located in the foot
domain (Vitavska et al., 2005). While the presence two actin binding sites would
explain subunit C’s ability to cross-link actin filaments, the N- and C-termini are
in such close proximity to each other that binding two actin monomers
simultaneously would be seemingly difficult. Because the head domain is
structurally similar to the foot domain (Drory et al., 2004), it is possible that it
may contain the other actin binding site, making the actin filament cross-linking
argument more plausible, particularly if free cytosolic subunit C is responsible for
cross-linking. Furthermore, it may be possible that the head domain binds to one
side of actin while the foot domain binds to the other side of actin, which would
support the idea that one subunit C can bind two adjacent actin monomers. In
order to find test this hypothesis, a construct of the DNA that codes for subunit
C’s head domain could be cloned into the pACT2 plasmid and applied to the twohybrid method in the same fashion as was described for the foot domain.
Ultimately, it would be valuable to pinpoint the actin binding site(s) on
subunit C’s structure as was done to determine subunit C’s binding sites on the
actin monomer. Looking at how the 35 actin mutants were made by Wertman and
colleagues (1992) as an example, cluster charged-to-alanine scanning mutagenesis
could be employed to introduce a number of surface mutations to subunit C’s
head and foot domains. These domains could then be isolated, independently
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cloned into the pACT2 plasmid to be used in the two-hybrid assay. As a result,
the contributions of each domain to actin binding could be observed. Because a
mutant form of subunit C would be present in the Y187 yeast cells, the effects of
Vma5p overexpression may even be lessened and improve the results of the twohybrid mating, just as was observed in the case of the actin mutants.
Conclusions
Based on evidence from the two-hybrid method and coimmunoprecipitation assay, subunit C of V-ATPase interacts with the actin
cytoskeleton in yeast. This not only augments subunit C’s regulatory role in VATPase, but also provides further insight into the regulation of actin
polymerization and depolymerization. Furthermore, subunit C appears to bind
actin on the sides of actin’s structures: on the face shared by domains 1 and 2 and
the opposing face shared by domains 3 and 4. This observation is consistent with
what is known about other actin-binding proteins as well as what has been
uncovered so far with regard to subunit C’s effects on actin filament dynamics.
Given all of the data that has been collected thus far, this interaction could have
great regulatory implications for both V-ATPase and the actin cytoskeleton and
provide a fine example of how cellular proteins interact with one another to
regulate intracellular processes.
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APPENDIX
Figure 1: V-ATPase Complex

The V-ATPase complex accomplishes acidification of intracellular and
extracellular compartments via the coupling of ATP hydrolysis by V1 and proton
pumping by V0. The complex contains 14 unique subunits; however, some are
present in multiple copies, as seen in the diagram.
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Figure 2: Structure of Subunit C

Here are the three domains of subunit C; the head and foot domains are
structurally similar and are connected by a flexible neck domain. Subunit C is
thought to be positioned on its side as shown, with its long axis perpendicular to
V-ATPase’s central stalk and its foot domain on the periphery of the complex.
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Figure 3: The Actin Monomer

The actin monomer has four domains. The cleft located between domains 1 and 3
is a common binding site for many actin-binding proteins, including other actin
molecules. The colored segments correspond to point mutations introduced to
actin’s structure, which will become significant later in this study.
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Figure 4: Two-Hybrid Plasmids, Strains and Mating

In order to employ the two-hybrid method, subunit C was fused to the activation
domain of the GAL4 transcriptional activator complex, and actin was fused to the
DNA-binding domain. Each of these fusion proteins was incorporated into a
DNA plasmid: the subunit C fusion protein into the pACT2 plasmid and the actin
fusion protein into the pAS2 plasmid. Then the plasmids were transformed into
the Y187 and Y190 strains, respectively. When these transformed strains are
mated, the resulting diploid cells should contain both plasmids so the two fusion
proteins can be introduced to one another, and the interaction can be tested.
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Figure 5: Two-Hybrid Principle

Once the two-hybrid strains have been mated, the diploid cells contain both twohybrid plasmids. If subunit C and actin interact, the two fusion proteins will come
together within the diploid cells, reconstituting the activation and DNA-binding
domains of the GAL4 transcriptional activator complex. Thus, transcription of
the marker gene (HIS3) can be initiated, and the diploid cells will be able to
produce histidine, an essential amino acid. Furthermore, when grown on media
without histidine, these diploid cells will be able to survive while other yeast cells
cannot. The surviving cells are proof that subunit C and actin interact in vivo.
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Figure 6: PJ69 Strain Two-Hybrid Crosses

Wild type
1. PJ69 4α wt
pACT-VMA5

x

PJ69 4a wt
pAS-actin

2. PJ69 4α wt
pACT-VMA5

x

PJ69 4a wt
pAS

3. PJ69 4α wt
pACT

x

PJ69 4a wt
pAS-actin

4. PJ69 4α wt
pACT

x

PJ69 4a wt
pAS

vma2∆
5. PJ69 4α vma2∆
pACT-VMA5

x

PJ69 4a vma2∆
pAS-actin

6. PJ69 4α vma2∆
pACT-VMA5

x

PJ69 4a vma2∆
pAS

7. PJ69 4α vma2∆
pACT

x

PJ69 4a vma2∆
pAS-actin

8. PJ69 4α vma2∆
pACT

x

PJ69 4a vma2∆
pAS

A total of eight crosses were done with the PJ69 strains used for the two-hybrid
method. Both wild type and vma2∆ strains were used in order to determine
whether the effects of subunit C overexpression could be lessened by creating a
vma mutant strain. Crosses 1 and 5 were done with both the subunit C fusion
protein and the actin fusion protein present in order to detect the interaction. The
remaining crosses were done with either one or neither of the fusion proteins
present, serving as negative controls.

57
Figure 7: Actin Point Mutations

This actin monomer shows the locations of the point mutations introduced by
Wertman and colleagues as well as the corresponding phenotypes that they
w caused
observed. The red mutations were found to be lethal, the yyeelllloow
temperature sensitivity, the green showed no phenotype and the blue were
dominant lethal. The set of numbers assigned to the mutants by Wertman was
different than that by Amberg; the numbers in purple correspond to those assigned
by Amberg (each represents the number of the pDAb plasmid used to transform
each of the mutants into the Y190 strain), which will be used to identify the
mutants for the remainder of this study. The mutant numbers enclosed by a box
correspond to mutants containing null alleles.
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Figure 8: Actin Mutant Phenotypes and Plate Placement

Here, the actin mutants and their phenotypes have been arranged as they were
grown on the plates for the two-hybrid matings. It is important to note that these
phenotypes were only observed by Wertman and colleagues when each mutant
was isolated. All “lethal” alleles were viable during the two-hybrid experiments
due to the presence of other sources of wild type actin.
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Figure 9: Representative Plate of Actin Mutant Grown, Trials 1-3

This is the observed actin mutant growth from one of the first three trials.
Starting from the top left corner was the negative control, pAS-lamin, which did
not contain an actin fusion protein. This was followed by cells containing wild
type actin, pDAb 7, and the mutants in order of increasing plasmid number (see
Figure 8). The same cells were grown on media containing increasing
concentrations of 3-amino triazole (3-AT) in order to increase selection for
histidine production, which is why fewer mutants (and cells) grew as the 3-AT
concentration increased.
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Figure 10a: Scoring of Growth, Trial 1
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The relative growth of each mutant was scored on a scale from most growth to
least growth as follows: +++, ++, +, +/−, −. Separate scores were given to the
mutants for each concentration of 3-amino triazole (3-AT) present in the growth
media.
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Figure 10b: Scoring of Growth, Trial 2
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The relative growth of each mutant was scored on a scale from most growth to
least growth as follows: +++, ++, +, +/−, −. Separate scores were given to the
mutants for each concentration of 3-amino triazole (3-AT) present in the growth
media. The growth of mutant 42 could not be determined due to failure to
transfer upon replica plating and thus lacks scores.
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Figure 10c: Scoring of Growth, Trial 3
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The relative growth of each mutant was scored on a scale from most growth to
least growth as follows: +++, ++, +, +/−, −. Separate scores were given to the
mutants for each concentration of 3-amino triazole (3-AT) present in the growth
media. The growth of mutant 42 could not be determined due to failure to
transfer upon replica plating and thus lacks scores.

Figure 11: Relative Growth of Actin Mutants, Trials 1-3
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This graph shows the value given to each mutant by combining the quantitative scores from the first three trials
in order to show relative growth among the actin mutants. The mutations corresponding to the actin mutants that
did not grow (shown in green) as well as wild type were categorized as potential sites of subunit C binding.
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Figure 12: Observed Subunit C Binding Sites, Trials 1-3

All of the stars on the actin monomer correspond to the point mutations of the
actin mutants that failed to grow on the two-hybrid test plates, indicating that they
may be directly involved in binding subunit C. It appears that either side of the
actin monomer can participate in subunit C binding. Mutants containing either
two or three point mutations were distinguished from those containing only one
point mutation so as to not extrapolate the results since multiple point mutations
for the same mutant fall within close proximity of one another. This would
exaggerate particular regions as being involved in subunit C binding more so than
the actual results indicate.
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Figure 13: Representative Plates of Actin Mutant Growth, Trial 4

This is the observed actin mutant growth at a selected concentration (10mM) of 3amino triazole (3-AT) from Trial 4. Because the cells were transferred to the twohybrid test plates via streaking, only eight mutants were grown on each plate
(labeled by plasmid number). Mutants 72, 75 and 114 failed to transfer
successfully to the two-hybrid test plates, so no growth was seen for these
mutants, regardless of the 3-AT concentration. Although 10mM 3-AT does not
provide much selection for mutants producing histidine, visible differences in
growth can be observed.
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Figure 14: Scoring of Growth, Trial 4
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The relative growth of each mutant was scored on a scale from most growth to
least growth as follows: +++, ++, +, +/−, −. Separate scores were given to the
mutants for each concentration of 3-amino triazole (3-AT) present in the growth
media. There was significantly more growth observed at the higher levels of 3AT in this trial because actively growing cells were chosen to be streaked onto the
selection plates (rather than replica plating, which transfers all cells). Mutants 72,
75 and 114 were not scored because they failed to grow prior to being transferred.

Figure 15: Relative Growth of Actin Mutants, Trial 4
67

This graph shows the quantitative scores from the fourth trial in order to show relative growth among the actin
mutants. The mutations corresponding to the actin mutants that did not grow (shown in green) as well as wild type
were categorized as potential sites of subunit C binding. Mutants 72, 75 and 114 failed to grow even before being
transferred to the two-hybrid test plates, and thus, were not included on the graph.
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Figure 16: Observed Subunit C Binding Sites, Trial 4

All of the stars on the actin monomer correspond to the point mutations of the
actin mutants that failed to grow on the two-hybrid test plates, indicating that they
may be directly involved in binding subunit C. Just as in Trials 1-3, it appears
that either side of the actin monomer can participate in subunit C binding.
However, due to the technical changes that were made for this trial, there was
much less selection even at higher concentrations of 3-AT, which yielded
significantly more potential binding sites than the previous trials. Mutants
containing either two or three point mutations were distinguished from those
containing only one point mutation so as to not extrapolate the results since
multiple point mutations for the same mutant fall within close proximity of one
another. This would exaggerate particular regions as being involved in subunit C
binding more so than the actual results indicate.
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Figure 17: Subunit C Binding Sites Common to Both Sets of Trials

The starred mutations on this actin monomer represent those that were found to
potentially bind to subunit C in Trials 1-3 as well as Trial 4. This comparison was
made to account for the large number of mutants that were classified under the
“no growth” category in Trial 4. Upon comparing results from all four trials, it is
clear that subunit C has the ability to bind to either side of the actin monomer, as
illustrated in this diagram.
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Figure 18: Co-immunoprecipitation Results

The immunoprecipitates were each analyzed twice, once to detect the
presence of subunit C (left), and once to detect actin (right). A myc
tag was used to precipitate subunit C via an anti-myc antibody and
antibody-binding protein. Cells lacking subunit C were similarly
tested to serve as a negative control. The two bands boxed in green
correspond to subunit C, and the bands boxed in orange correspond to
actin. Both proteins are 42kDa in size, but subunit C tended to run
slightly higher due to the presence of two myc tags. Based on the
higher position of subunit C in the whole-cell lysate, it is assumed that
the band for subunit C in the IP is the darker portion just below the
anti-myc antibody heavy chain, making it appear thicker than that of
the negative control IP.
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Figure 19: Binding Trend of Other Actin-Binding Proteins

Dominguez, 2004

Many actin-binding proteins, including gelsolin, profilin (not shown), those of the
ADF/cofilin family as well as other actin monomers, bind to actin in its cleft
between domains 1 and 3. V-ATPase’s subunit C has been found to bind on
either side of actin, either between domains 3 and 4 or between domains 1 and 2,
and thus, does not compete with free actin monomers or encourage
depolymerization of actin filaments.
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SUMMARY
Project Description
The goal of this project was to confirm and characterize the proposed
protein-protein interaction between subunit C of the V-ATPase enzyme and actin
in the cytoskeleton in the eukaryotic model organism, Saccharomyces cerevisiae
(baker’s yeast). V-ATPase is an enzyme found in all eukaryotic cells, which is
vital to their function, and its primary role is to acidify particular intracellular and
extracellular compartments by pumping protons (hydrogen ions) across the
membrane in which it resides. These include the organelle membranes of
endosomes, which sort particles that enter a cell by endocytosis, lysosomes, which
degrade receptor molecules by means of digestive enzymes, secretory vesicles
which are responsible for transporting particles to be released by a cell, and the
Golgi apparatus which packages newly synthesized particles. In order to perform
their functions optimally, each of these organelles requires a unique pH, and it is
V-ATPase that maintains these acidic environments by pumping hydrogen ions
into the organelles (Nishi and Forgac, 2002; Kane, 2006).
V-ATPases are also found in the plasma membranes of certain specialized
cells in higher eukaryotes. These include renal intercalated cells, which
participate in proton secretion essential to the kidney’s acid-base balance,
osteoclasts, which create an acidified compartment around bone to facilitate bone
resorption, and macrophages, which require internal pH control when they are
fighting infection by engulfing and digesting pathogens. Notably, extreme pH
conditions are prominent in these areas. These V-ATPases pump protons from
the cytoplasm to the extracellular space or designated compartment. When V-
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ATPase is not functioning properly to do so, ailments such as renal tubular
acidosis (increased acidity of blood) and osteoporosis (cumulative bone loss due
to an imbalance of bone formation and degradation) result (Nishi and Forgac,
2002).
The 14 subunits of V-ATPase work together to perform acidification by a
rotational catalytic mechanism at the expense of ATP, a cell’s main source of
energy. The V1 domain undergoes conformational changes in response to ATP
hydrolysis (converting ATP to ADP), which results in rotation of the central stalk,
and V0, located in the membrane, transports protons from the cytoplasm to the
receiving compartment. In short, a proton enters the ring of V0 subunits whose
rotation is driven by the hydrolysis of ATP occurring in the V1 domain, so each
proton enters a channel on the cytosolic side of the membrane, is transported
around the ring of subunits and is released through a channel on the other side of
the membrane, acidifying this space (Kane, 2006; Forgac, 2007).
Although the structure and mechanism of V-ATPase are generally known,
much about the enzyme still remains to be uncovered. One example of this is the
unique function of each of the V-ATPase’s subunits. Much of what is known
about the V-ATPase subunits has come from examining the subunits of a
homologous enzyme known as F1F0-ATP synthase, which participates in cellular
respiration and is conveniently similar in structure and functional mechanism as
V-ATPase. However, not all of the subunits of V-ATPase have a corresponding
subunit in the F1F0-ATP synthase, an example being subunit C in the V1 domain
(Kane, 2006). It has been observed that subunit C is required for assembly of the
V-ATPase complex (Beltrán et al., 1992). During reversible disassembly in
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response to glucose deprivation, which causes V1 to dissociate from V0 at the
membrane, subunit C dissociates from both V1 and V0 (Kane, 1995). These
findings have led to the proposal that subunit C plays a regulatory role for the
enzyme through controlling levels of active V-ATPase, but its precise function is
not yet known.
Furthermore, it has been shown that subunit C interacts with actin in the
cytoskeleton, based on studies done with Manduca sexta (the tobacco hornworm)
in vitro, meaning outside of the organism (Vitavska et al., 2003). These studies
were prompted by evidence that V-ATPase binds to actin during the process of
osteoclast activation, where actin is thought to serve as a signal directing VATPase complexes to the proper site on the osteoclast plasma membrane to
facilitate bone resorption (Lee et al., 1999). Both of these studies involve plasma
membrane V-ATPases, so subunit C’s interaction with actin in organelle
membrane V-ATPases has not yet been examined. This project serves as a
continuation of studies done to determine how universal this actin-binding feature
of V-ATPase’s subunit C is across eukaryotic organisms. It will also provide
further insight into the function(s) of subunit C within the yeast V-ATPase.
Saccharomyces cerevisiae was the organism of choice because
experiments can be done in order to observe the actin-subunit C interaction in
vivo, or within the living organism. In addition, baker’s yeast has fast growth, a
sequenced genome, easy isolation of mutants and the ability to accept DNA
plasmids via transformation (Sherman, 2002). Most importantly, yeast are viable
when one of the V-ATPase subunits is absent, and exhibit the Vma¯ phenotype.
V-ATPases missing any one of their 14 subunits are known as vma mutants and
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lose all V-ATPase function (Kane, 2006). For higher eukaryotes, mutations
leading to the Vma¯ phenotype are lethal (Kane, 2006), which is unfortunate for
studying V-ATPase in these organisms; the consequences of introducing known
mutations to a protein are a valuable tool for understanding its function.
Using the methods discussed below, it has been found that subunit C of
the V-ATPase interacts with actin in Saccharomyces cerevisiae and that subunit C
binds to actin on either side of the actin monomer.
Methods Used
Two types of experiments commonly used to determine whether or not
two proteins interact with each other were used in this study: coimmunoprecipitation and the two-hybrid method. The two-hybrid method was
used to initially detect the presence of an interaction between V-ATPase subunit
C and actin in the cytoskeleton as well as to determine exactly where subunit C
would potentially bind to the surface of the actin molecule. The coimmunoprecipitation procedure, an entirely different means of detecting a proteinprotein interaction, was used to confirm the results found by the two-hybrid
method.
The two-hybrid method functions by manipulating transcription, the first
stage of protein synthesis where messenger RNA is made from the segment of
DNA which codes for the particular protein being produced. In order for
transcription to take place, the presence of a transcriptional activator is required.
This protein contains two domains known as the activation domain and the DNAbinding domain, and while each domain can function on its own, both are
required for the activation of transcription. In the two-hybrid method, one partner
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thought to participate in a protein-protein interaction is fused to the DNA-binding
domain while the other partner is fused to the activation domain. In this
experiment, subunit C was fused to the activation domain and actin was fused to
the DNA-binding domain. Each of these fusion proteins is then expressed in a
different strain of yeast so that one strain can be mated with the other. When the
two types of yeast cells are mated, if the interaction occurs then the activation and
DNA-binding domains will be brought in close enough proximity to one another
for transcription to be initiated. To determine whether or not transcription has
taken place, a marker gene is placed within the DNA that would have been
transcribed, giving the yeast cells the ability to produce a readily measurable
marker protein that they do not synthesize naturally but is essential to their
survival. In this case HIS3, the gene that codes for the amino acid histidine, was
the marker gene employed. Therefore, if HIS3 is transcribed, the yeast cells will
be able to produce histidine and should be able to grow without histidine being
provided for them. If the cells grow, then subunit C and actin must interact
because the transcription of the HIS3 was able to proceed (Luban and Goff,
1995).
Introducing point mutations (substituting an original amino acid from a
protein’s structure with a different amino acid having different properties) all over
actin’s structure allowed for use of the two-hybrid method in order to determine
subunit C’s binding site on the actin molecule. Each point mutation was made
separately so that each colony of yeast cells contained a mutant form of actin that
had a different point mutation (Wertman et al., 1992); subsequently, each mutant
was used for the two-hybrid method to see whether it could still participate in the
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interaction with V-ATPase’s subunit C. Because so many actin mutants were
made (35 total), it was almost guaranteed that the mutated amino acid in some of
them would influence binding to subunit C. Such mutations would disrupt
binding of subunit C to actin, and thus, transcription would not be able to take
place, and the mated yeast cells would not be able to grow without an external
source of histidine. Therefore, the point mutation sites of the mutants that did not
grow in the absence of histidine were categorized as the sites in actin important
for binding to subunit C.
Co-immunoprecipitation is a biochemical technique that was used to
confirm the interaction between V-ATPase’s subunit C and actin. Using a strain
of yeast containing a tagged form of subunit C, subunit C could be precipitated
(isolated) by mixing it with an antibody against the tag as well as an antibodybinding protein (e.g. protein A beads). The beads are heavy enough to pull the
bound antibody and attached subunit C + tag to the bottom of the reaction tube.
Subsequently, the presence of the interacting protein—actin in this experiment—
can be detected by incubating the immunoprecipitation product with an anti-actin
antibody, which will bind to actin. Because the only thing that is recognized
directly by the antibody against the introduced tag is tagged subunit C, actin being
detected in the immunoprecipitate means that it was binding to subunit C via a
protein-protein interaction. An identical procedure was done with cells lacking
subunit C entirely in order to make sure that actin was not being pulled down by
the antibody in subunit C’s absence. Very little actin was isolated from this
control.
Significance
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An interaction with the actin cytoskeleton has already been uncovered in
certain plasma membrane V-ATPases—specifically those residing in the
membranes of mouse osteoclasts, the membranes of bovine renal intercalated
cells and the membrane of mucus-secreting goblet cells of Manduca sexta, all of
which were mentioned above (Lee et al., 1999; Holliday et al., 2000; Vitavska et
al., 2003). However, yeast is the first unicellular organism to show this actin
interaction with organelle membrane V-ATPases. The evidence from this study
makes a case for actin-binding as a generalized phenomenon for all V-ATPase
types.
Interacting with the cytoskeleton also has regulatory implications for yeast
V-ATPase, similar to those of the plasma membrane V-ATPases. Actin could
serve as a target for V-ATPases via subunit C, directing newly synthesized VATPase complexes to the appropriate membrane in which they will reside and
function (Drory et al., 2004). This could control the number of V-ATPases that
are transported to each organelle membrane and thus, the number of protons being
pumped into the organelles. Furthermore, since many proteins are regulated by
other cellular proteins, it is possible that actin controls V-ATPase by binding to
subunit C (Drory et al., 2004; Vitavska et al., 2003). For example, actin may bind
when subunit C is free in the cytoplasm as a result of reversible disassembly,
which would prevent V-ATPase from reassembling at the membrane and
reestablishing proton transport. These ideas are consistent with subunit C’s
known regulatory roles in assembly of V-ATPase and its separation from both of
V-ATPase domains when the enzyme disassembles.
Subunit C’s interaction with actin might also help to anchor the enzyme

79
during rotational catalysis. While certain subunits are responsible for stabilizing
the V1 domain while the central stalk and V0 domain are rotating, the structural
support provided by actin filaments may serve as external reinforcements for
those subunits (Vitavska et al., 2003).
Another proposed implication of V-ATPase’s interaction with actin, which
is unique to organelle membrane V-ATPases, is the ability of V-ATPases that are
already present in the membrane to direct organelles to their proper location
within the cell. Actin may even serve to anchor these organelles in these
locations permanently once they are transported via V-ATPase and subunit C
(Drory et al., 2004). Because plasma membranes are more stationary with respect
to the cell, this idea would not apply to plasma membrane V-ATPases.
Lastly, this study has shown that subunit C binds to actin on either side of
actin’s structure. Interestingly, this does not follow the trend set by many of
actin’s binding partners. Actin-binding proteins commonly bind to actin in a
cleft, or pocket, on the bottom of actin’s structure (Dominguez, 2004), and these
proteins often have a second actin binding site on the top of actin as well. Even
actin binds to other actin molecules at these two sites to form chains called
filaments. However, all of these actin-binding proteins are known to prevent actin
filaments from forming while it has been shown in Manduca sexta that VATPase’s subunit C promotes the formation of actin filaments (Vitavska et al.,
2005). This idea is consistent with this deviating binding site on actin that has
been observed for subunit C.
In conclusion, the interaction between V-ATPase’s subunit C and actin
has regulatory implications for both V-ATPase and actin filaments.

