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Abstract
Cells continuously sense and respond to environmental conditions to maintain
homeostasis. The signaling underling this ability is complex and incompletely understood,
particularly with respect to how amino acids are sensed. Vacuolar-type H+-ATPase
(V‑ATPase) function is required for amino acid-dependent activation of mTORC1, a
critical node of cellular homeostasis and amino acid sensing. Further, the V-ATPase
undergoes amino acid-dependent association with the mTORC1 activation machinery.
V‑ATPase activity is quickly and locally tuned by changes in the equilibrium between
assembled, functional holoenzymes, and disassembled, nonfunctional V1 and V0 domains,
a process termed regulated assembly. We hypothesized that amino acids influence
V‑ATPase assembly, and therefore activity, coupling free amino acid availability to their
production by lysosomal protein turnover and serving as a signal to mTORC1. Indeed, we
find that V‑ATPase assembly and activity are increased by amino acid starvation, likely
facilitating increased lysosomal protein turnover. This change is independent of PI3K and
mTORC1 signaling, which regulate the V‑ATPase in response to other stimuli. However,
PKA and AMPK may be important for controlling V‑ATPase activity in response to amino
acid starvation. Further, changes in V‑ATPase activity in response to starvation of
individual amino acids indicate a complex network for sensing and responding to changes
in amino acid levels.
We further hypothesized that increased V‑ATPase assembly during amino acid
starvation serves as a negative signal to mTORC1. However, changes in V‑ATPase activity
or assembly do not correlate with changes in mTORC1 signaling. This demonstrates that
changes in V‑ATPase assembly are not a signal to mTORC1.
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To determine the mechanism by which the V‑ATPase changes mTORC1 activity,
we assessed activation of AMPK, which also relies on the V‑ATPase for its activity. Coinhibition of AMPK and the V‑ATPase rescues mTORC1 activation and localization to
lysosomes. Therefore, we conclude that activation of AMPK is at least partially responsible
for repression of mTORC1 by V‑ATPase inhibition.
This work identifies amino acid availability as an important and novel stimulus for
the regulation of the V‑ATPase, and identifies a mechanism by which V‑ATPase inhibition
impinges on mTORC1 signaling. Together, this gives new insight into mechanisms of
cellular homeostasis.
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Chapter 1: Introduction
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1.1 Cellular homeostasis and amino acids
Cells maintain near constant internal conditions, a property termed homeostasis,
which is essential for cellular function. To do this, cells must sense and respond to variable
environmental conditions. For each component that the cell must maintain, there exists a
network of sensors, which detect the cellular availability of that component, and effectors,
which modify cellular behavior to tune cellular use, generation, or import of that
component. Amino acids are one such cellular factor, and are subject to homeostatic
regulation which helps the cell maintain proper cellular physiology. That is, there are
sensors of amino acid abundance within and available to the cell, and effectors that control
the amount of available amino acids. This allows cells to balance growth, which relies on
sufficient amino acid building blocks, with amino acid availability. This work describes
our efforts to better understand how amino acid homeostasis is regulated with respect to
amino acids sensing, as well as how cells alter their physiology in response to changing
amino acid availability.

Amino acid functions within the cell
Amino acids are organic molecules in which a central carbon is bonded to an amine
group, a carboxyl group, a hydrogen, and a variable side chain with diverse chemical
properties. Although many amino acids occur naturally, only a small subset is utilized for
cellular function. The studies described herein consider cellular sensing of the twenty most
common and biologically relevant amino acids (Figure 1.1). The diverse chemistry of these
amino acids allows them to serve many important and fundamental roles in cellular
function.
There are three major categories of cellular amino acid consumption: in protein
synthesis, as a cellular energy source, and in the synthesis of other biological molecules.
Twenty amino acids are the building blocks of all eukaryotic proteins (Figure 1.1). Because
2

of the varied side chain compositions, the amino acid sequence of the protein determines
its chemical properties, structure, and function. For example, clusters of non-polar
residues are highly hydrophobic and therefore sequestered from the aqueous cytosol and
are typically buried within a protein, a protein complex, or a cell membrane.
In addition to their important role as cellular building blocks, free amino acids are
a source of cellular energy (Figure 1.2). After removal of the amine group, the
corresponding a-keto acid can be converted to acetyl-CoA, a-ketoglutarate, succinyl-CoA,
fumarate, oxaloacetate, or pyruvate, each of which can fuel the citric acid cycle and provide

Figure 1.1 The proteinogenic amino acids.
Adapted from Lehninger 4th ed.
3

Figure 1.2 Amino acid catabolism.
Adapted from Lehninger 4th ed.

cellular energy. Amino acids that lead to production of ketone bodies via conversion to
acetoacyl-CoA or acetyl-CoA, are called ketogenic. Amino acids that are converted to citric
acid cycle intermediates or pyruvate are called glucogenic. Isoleucine, leucine, lysine,
phenylalanine, threonine, tryptophan, and tyrosine are the ketogenic amino acids. Leucine
and lysine are the only amino acids that are uniquely ketogenic, while all others are
glucogenic.
Finally, amino acids perform other important physiological functions, both in their
free form and as precursors for other molecules. For example, glutamate is the most
abundant excitatory neurotransmitter in the central nervous system. All amino acids are
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used in the biosynthesis of other molecules, including hormones, antioxidants, nucleic
acids, and neurotransmitters, as well as interconversion to other amino acids.

Amino acid sources
Cells maintain their amino acid pool via three methods: de novo synthesis, uptake
from the extracellular environment, and protein breakdown. The molecular machinery
that controls these processes is regulated in response to the cellular demands for amino
acids downstream of amino acid sensing.

Synthesis
While all amino acids can be synthesized by some eukaryotes, such as S. cerevisiae,
many organisms have lost this ability for a subset of amino acids and therefore must obtain
them from dietary sources. Amino acids can be classified by their ability to be synthesized
by a particular organism, (i.e. the necessity in the diet) as essential (or indispensable),
conditionally essential, and dispensable. Humans cannot synthesize nine amino acids:
histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan,
and valine. Additionally, six amino acids are essential under specific conditions, such as
in premature infants who are metabolically immature. These conditionally essential
amino acids are arginine, cysteine, glycine, glutamate, proline, and tyrosine. Five amino
acids are dispensable in the human diet because they can be synthesized de novo by
human cells. These are alanine, aspartate, asparagine, glutamate, and serine.
Synthesis of dispensable amino acids begins by amination of an a-ketoacid by an
aminotransferase enzyme. Aminotransferases may be specific for one amino acid or may
catalyze the synthesis of a group of chemically-related amino acids, as is the case for
isoleucine, leucine, and valine. The aminotransferase enzymes use another amino acid,
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usually glutamate, as the amino group donor. Transfer of the amino group to the aketoacid generates the new amino acid and a-ketoglutarate. Glutamate is formed by
reaction of a-ketoglutarate with ammonia, which is catalyzed by glutamate
dehydrogenase.

Uptake
Amino acids are primarily obtained from the diet as proteins, which are broken
down to free amino acids in the digestive tract. Free amino acids are absorbed in the
intestine and enter the blood stream where they can be taken up by and incorporated into
tissues. Absorption activity was first described functionally, leading to classification into
transport “systems” that have similar transport activities in various tissues. Most systems
transport several amino acids. Molecularly, absorption is performed by proteins of the

Table 1. Amino acid transport systems.
Adapted from Bröer 2008
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solute carrier (SLC) family, which encompasses many of the proteins that perform cellular
transport across membranes. While many mediators of cellular amino acid transport have
been identified, in particular in the intestine, the full complement of amino acid
transporters has not been defined. Amino acid transport systems are frequently coupled
to ion gradients (sodium or protons) to help facilitate transport. The amino acid transport
systems are summarized in Table 1 and reviewed in Broer, 2008.

Recycling
As the cell draws from the amino acid pool for protein synthesis, to derive energy,
or to make new biomolecules, it is replenished by protein breakdown by the proteasome
and in lysosomes.
The proteasome is a large cylindrical protein complex, comprised of caps at each
end of a hollow proteolytic core. Proteins are targeted to the proteasome for degradation
by the addition of a small protein, ubiquitin. Once it reaches the proteasome, the tagged
protein is unfolded and threaded into the core of the complex where the proteolytic
enzymes of the core break it down into short peptides. Proteins targeted to the proteasome
are often short lived and regulated by degradation. For example, proteasomal degradation
of cyclins drives progression through the cell cycle. Additionally, the proteasome degrades
misfolded or damaged proteins. Proteasomal degradation is an important contributor to
the amino acid pool (Suraweera et al., 2012). However, the proteasome itself is an
important source of amino acids, and is degraded by the lysosome during starvation
(Waite et al., 2016).
Lysosomes are acidic vesicular organelles present in the cytosol of animal cells.
Lysosomes contain degradative enzymes which break down cellular components,
including proteins. The sequestration of degradative enzymes within lysosomes protects
other cellular contents from their activity, not only by physical separation, but also because
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most lysosomal enzymes require low pH for optimal function. The acidic pH of the
lysosomal lumen is generated by the Vacuolar H+-ATPase (V‑ATPase), which is discussed
in further detail below.
Unlike the proteasome, proteins must cross a membrane to enter the lysosome for
degradation. Extracellular cargoes are delivered from the endocytic pathway via fusion of
lysosomes with late endosomes. Intracellular cargoes are delivered by autophagy (Figure
1.3). In macroautophagy (commonly called autophagy) cytoplasmic contents, including
whole organelles, are engulfed in double-membrane vesicles called autophagosomes

Figure 1.3 Autophagy.
Adapted from Papinski and Kraft 2016.
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which then fuse with lysosomes, generating phagolysosomes, where the contents are
degraded. Autophagy is induced during periods of starvation and stress as a protective
mechanism to reestablish the amino acid pool and provide cellular energy. Additionally,
autophagy enhances cellular health by degrading damaged cellular components, such as
impaired mitochondria. However, prolonged or overactive autophagy is detrimental and
induces apoptosis. Alternately, specific proteins can be targeted for lysosomal degradation
by chaperone mediated autophagy (CMA). These substrates are unfolded and translocated
across the lysosomal membrane before being degraded. Lysosomal protein degradation is
increased during starvation to provide free amino acids for critical cellular functions
(Blommaart et al., 1993).

1.2 Pathways of amino acid sensing
Amino acid availability is monitored by molecular sensors. The amino acid signals
converge on two major pathways that control the cellular response to amino acid
availability: the GCN2 pathway, which senses uncharged tRNAs and is thus activated by
amino acid starvation, and the mTORC1 pathway, which is a master regulator of cellular
growth and is activated by amino acids. We will briefly discuss the GCN2 pathway before
turning to mTORC1, which is the focus of this dissertation.

GCN2
GCN2 is a serine/threonine kinase which recognizes and is activated by uncharged
tRNAs, which accumulate during amino acid starvation (Berlanga et al., 1999). Activated
GCN2 leads to a global reduction in protein translation by regulating activity of eukaryotic
initiation factor 2 (eIF2) (Hinnebusch, 2005; Chaveroux et al., 2010; Baird & Wek, 2012).
EIF2 contains three subunits: a, b, and g. It participates in translation by bringing a
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methionine-charged tRNA (Met-tRNA) to the ribosome to begin translation initiation.
EIF2 binds Met-tRNA only when GTP-bound. GCN2–dependent phosphorylation of the
alpha subunit of eIF2 (eIF2a) increases binding of eIF2a by eIF2B. eIF2B acts as a guanine
nucleotide exchange factor (GEF) for eIF2, exchanging GDP for GTP and allowing eIF2 to
bind Met-tRNA. However, the eIF2a:eIF2B interaction must be transient, because the
GEF function of eIF2B is inhibited when eIF2 is tightly bound, as caused by eIF2
phosphorylation. Therefore, eIF2 cannot be reactivated when phosphorylated by GCN2
and translation cannot be initiated. However, downregulation of eIF2 activity permits
translation of transcripts that contain specific upstream open reading frames (uORFs) in
their 5’ untranslated regions. These transcripts are largely involved in the starvation
response. In particular, translation of the ATF4 transcription factor leads to ATF4-induced
expression of amino acid transporters and synthases, thus allowing the cell to adapt to the
amino acid deprived conditions (Vattem & Wek, 2004).

mTORC1
Mechanistic target of rapamycin (mTOR) is a serine/threonine kinase which is
essential to controlling cellular behavior (Liko & Hall, 2015). It nucleates two distinct
protein complexes, mechanistic target of rapamycin complex 1 (mTORC1) and complex 2
(mTORC2). mTORC1 is a regulator of cellular growth, while mTORC2 is involved in
cellular survival and cytoskeletal regulation. Both mTORC1 and mTORC2 are responsive
to growth factor signaling, however only mTORC1 is sensitive to nutrient availability, and
is thus the complex that is relevant to this dissertation. The components of these
complexes direct the kinase activity of mTOR to specific substrates, causing each complex
to have distinct cellular functions (Liko & Hall, 2015).
mTORC1 consists of six components: mTOR itself provides kinase activity;
regulatory-associated protein of mTOR (Raptor) is a scaffolding protein which directs
10

localization and substrate specificity of the complex (D.-H. Kim et al., 2002); G-Beta-like
protein (GbL), also known as mammalian lethal with SEC13 protein 8 (mLST8), plays a
role in controlling mTOR kinase activity and binding of Raptor (D.-H. Kim et al., 2003;
Yang et al., 2013); DEP domain-containing mTOR-interacting protein (DEPTOR) is a
negative regulator of mTORC1 activity (Peterson et al., 2009); and proline-rich Akt1
substrate 1 (PRAS40) also interacts with the complex and negatively regulates its activity
(Sancak et al., 2007; Vander Haar et al., 2007).

Regulation of amino acid use and generation by mTORC1
mTORC1 is a major point of convergence for signals about cellular energy, nutrient
availability, and growth factor signaling (Liko & Hall, 2015). mTORC1 integrates these
signals to control the balance between
catabolic and anabolic processes in
the cell (Figure 1.4). This allows the
cell to coordinate cellular growth with
the abundance of resources necessary
to do so. With respect to amino acids,
mTORC1 regulates protein synthesis,
the primary use of amino acids in the
cell, and autophagy, one of the major
Figure 1.4 mTORC1
mTORC1 integrates local and systemic signals to
control the balance between anabolic and
To control protein synthesis, catabolic cellular processes.

sources of cellular amino acids.

mTORC1

phosphorylates

two

important substrates: p70-S6-kinase (S6K) and eukaryotic initiation factor 4E (eIF4E)
binding protein 1 (4EBP1) (X. M. Ma & Blenis, 2009). Phosphorylation of S6K by mTORC1
leads to activation of the protein (Pearson et al., 1995). S6K further transduces the positive
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growth signal to its own set of cellular targets, enhancing protein synthesis and cellular
growth (Magnuson et al., 2012). 4EBP1 is a translation inhibitor, which inhibits capdependent initiation, the rate limiting step of translation (X. M. Ma & Blenis, 2009). When
active, it binds and sequesters eIF4E. Phosphorylation of 4EBP1 at threonine residues 37
and 46 by mTORC1 leads to reduced affinity for eIF4E, allowing eIF4E to form the
complex that recognizes the 5’ cap of mRNAs and assemble the machinery required to
initiate cap-dependent translation.
mTORC1 is also an important regulator of autophagy (C. H. Jung et al., 2010).
When mTORC1 is active, it represses autophagy. Critical downstream targets that allow it
to exert this effect are the ULK protein complex
and the MiT/TFE family of transcription
factors (Figure 1.5). The ULK complex is an
initiator of autophagy, although the exact
mechanism of its involvement is unknown.
However, it is likely involved in the initial steps
of double membrane vesicle formation and
cargo recruitment (E. Y. W. Chan et al., 2007;
T. Hara et al., 2008; Wong et al., 2013). The
ULK complex comprises ULK1 or ULK2 (UNC- Figure 1.5 mTORC1 represses
autophagy.
51-like kinase), Atg13 (autophagy-related mTORC1 represses autophagy via the
ULK complex and members of the
protein 13), FIP200 (focal adhesion kinase MiT/TFE family of transcription
factors. Adapted from Jewell 2013.
family–interacting protein of 200 kD, also
known as retinoblastoma 1-inducible coiled-coil 1 (RB1CC1)), and Atg101 (autophagyrelated protein 101) (Ganley et al., 2009; Hosokawa, Sasaki et al., 2009; Mercer et al.,
2009). Atg13, Atg101, and FIP200 stabilize ULK1/2 and enhance its kinase activity
(Ganley et al., 2009; Hosokawa, Hara et al., 2009; C. H. Jung et al., 2009; Mercer et al.,
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2009). When nutrients are plentiful, mTORC1 phosphorylates both ULK1/2 and ATG13,
inhibiting the complex (Ganley et al., 2009; Hosokawa, Hara et al., 2009; C. H. Jung et
al., 2009). In the nutrient starved state, mTORC1 is inactive, the ULK complex becomes
hypophosphorylated, and the repression of autophagy is released (Ganley et al., 2009;
Hosokawa, Hara et al., 2009; Shang et al., 2011; Wong et al., 2015).
mTORC1-dependent regulation of the MiT/TFE family of transcription factors,
which are master regulators of lysosomal biogenesis (Sardiello et al., 2009; Palmieri et al.,
2011), also relies on repressive phosphorylation by mTORC1. Regulation of the family
member transcription factor EB (TFEB) was first described (Settembre et al., 2012), but
recent studies demonstrate that this regulation is conserved for other family members Mitf
(melanogenesis associated transcription factor), and TFE3 (transcription factor E3) (T.
Zhang et al., 2015; Bouché et al., 2016). Phosphorylation of the MiT/TFE family member
by mTORC1 sequesters it in the cytoplasm (Settembre et al., 2012; T. Zhang et al., 2015;
Bouché et al., 2016). However, when mTORC1 activity is lost, TFEB translocates into the
nucleus and stimulates transcription of genes necessary for autophagy and lysosome
biogenesis (Sardiello et al., 2009; Palmieri et al., 2011; Settembre et al., 2012; T. Zhang et
al., 2015; Bouché et al., 2016).

Regulation of mTORC1 activity
Regulation of mTORC1 activity underlies its ability to integrate the many signals it
receives. Regulatory events can change kinase activity or substrate specificity. Activity of
mTORC1 can be directly regulated by post-translational modification of its subunits.
mTORC1 itself phosphorylates and inactivates DEPTOR (Peterson et al., 2009). PRAS40
association with the complex is inhibited by phosphorylation by Akt or mTORC1, releasing
repression of the complex (Sancak et al., 2007; Vander Haar et al., 2007). AMP-activated
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protein kinase (AMPK) phosphorylates Raptor, again repressing mTORC1 activity (Gwinn
et al., 2008).
In addition to alterations of mTORC1 subunits themselves, much of the signaling
from growth factors, hormones, energy abundance, and hypoxia alters activity of Rheb
(Ras homolog enriched in brain), the small GTPase that directly activates mTORC1 (Long
et al., 2005). However, these signals converge not on Rheb itself, but on the tuberous
sclerosis (TSC) protein complex comprised of TSC1, TSC2, and TBC1D7 (Figure 1.8)
(Garami et al., 2003; Inoki, Li et al., 2003; Tee et al., 2003; Bilanges et al., 2007; Dibble
et al., 2012; Menon et al., 2014; Switon et al., 2016), which acts as a GTPase-activating
protein (GAP) for Rheb, causing it to hydrolyze GTP to GDP, rendering it, and thus
mTORC1, inactive (Garami et al., 2003; Inoki, Li et al., 2003; Tee et al., 2003). TSC activity
is controlled by its cellular localization, and cellular stresses drive its translocation to the

Figure 1.6 Signaling to mTORC1 converges on the TSC complex.
Adapted from Huang and Manning 2008
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lysosomal surface, where Rheb is localized (Demetriades et al., 2014, 2016; Menon et al.,
2014; Carroll et al., 2016). Critical inputs to the TSC complex downstream of growth factor
signals include Akt (Inoki et al., 2002; Manning et al., 2002), ERK (L. Ma et al., 2005),
p38 MAP kinase (Li et al., 2003), RSK1 (Roux et al., 2004) and GSK3 (Inoki et al., 2006).
The TSC complex is repressed during the cell cycle by CDK1-dependent phosphorylation
(Astrinidis et al., 2003). Low energy levels induced by starvation or hypoxia are mediated
by AMPK-dependent repression of TSC (Inoki, Zhu et al., 2003; Brugarolas et al., 2004;
Inoki et al., 2006). Additionally, hypoxia is communicated to the TSC complex by the
hypoxia-inducible gene REDD1 (Brugarolas et al., 2004). The role of amino acids in
regulating the TSC complex is controversial. TSC null cells do not fully repress mTORC1
during amino acid starvation (Gao et al., 2002). Amino acid starvation induced lysosomal
localization of the TSC complex (Demetriades et al., 2014, 2016). Additionally, arginine
alone was reported to suppress lysosomal localization of TSC (Carroll et al., 2016).
However, it has also been reported that amino acid starvation is not sufficient to alter TSC
localization or activity (Menon et al., 2014).
In contrast to other signals to mTORC1, stimulation by amino acids utilizes unique
machinery for the activation of mTORC1. Further, amino acid sufficiency is necessary for
activation of mTORC1 by any stimulus (Figure 1.7) (K. Hara et al., 1998). Amino acid
stimulation results in recruitment of mTORC1 to the lysosomal surface by the Rag
GTPases (Ras-related GTP binding proteins), where it is then activated by a resident pool
of Rheb (Figure 1.8) (E. Kim et al., 2008; Sancak et al., 2008). This change in localization
is the molecular basis of a coincidence detector, which ensures activation of the complex
in response to growth stimuli only in the presence of sufficient nutrients. The Rag GTPases
are encoded by four genes, RRAGA, RRAGB, RRAGC, and RRAGD, and function as
heterodimers of RagA or RagB paired with RagC or RagD (E. Kim et al., 2008; Sancak et
al., 2008). In their active state, RagA/B is GTP bound and RagC/D is GDP bound (Sancak

15

et al., 2008). The nucleotide loading of the Rags is highly regulated, and has emerged as
one of the major entry points of amino acid signal transduction to mTORC1 (Powis & De
Virgilio, 2016). During amino acid starvation, GATOR1, which functions as a GAP for
RagA/B, keeps the Rags in the inactive GDP-bound state (Bar- Peled et al., 2013;
Panchaud et al., 2013b, 2013a). GATOR1 activity is repressed by GATOR2 (Bar-Peled et
al., 2013; Panchaud et al., 2013b, 2013a), which is in turn repressed by Sestrins 1/2/3
(Chantranupong et al., 2014; Parmigiani et al., 2014; J. S. Kim et al., 2015) and CASTOR1
(Chantranupong et al., 2016; Saxton, Chantranupong et al., 2016). Sestrin2 activity is
repressed by binding of leucine, isoleucine, and methionine. Similarly, CASTOR1 activity

Figure 1.7 Amino acids are required for stimulation of mTORC1 by any stimulus.
CHO cells expressing the insulin receptor were incubated in serum-free Ham’s F-12
medium for 16 hours before being transferred to PBS for 2 hours, followed by 30 minutes
of amino acid stimulation at the concentrations relative to that in DMEM, as indicated.
100 nM insulin or 10% fetal calf serum was added for the last 10 minutes of this
incubation, as indicated. Endogenous S6K was isolated by immunoprecipitation and
kinase activity assayed by 32P incorporation into S6. PI units = PhosphorImager arbitrary
units. Note that serum was not dialyzed and therefore contained amino acids. Adapted
from Hara et al. 1998.
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Figure 1.8 Components of the lysosomal amino acid sensing machinery.
Adapted from Powis and De Vigilio 2016.
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is repressed by arginine. Inhibition of either complex releases GATOR2 to repress
GATOR1 activity, allowing RagA/B to become active (Saxton, Knockenhauer et al., 2016;
Wolfson et al., 2016). The interaction of GATOR1 with RagA/B depends on their
ubiquitination by RNF152 (Deng et al., 2015). RagC/D nucleotide binding is regulated by
the FNIP1/2-FLCN complex and LeuRS (Han et al., 2012; Petit et al., 2013; Tsun et al.,
2013). In the presence of amino acids, these proteins stimulate hydrolysis of GTP to GDP,
causing RagC/D to be in its active, GDP-bound form. The Rag GTPases associate with the
lysosomal surface via a multiprotein complex termed the Ragulator, which also has GEF
activity for Rag A/B (Sancak et al., 2010; Bar-Peled et al., 2012). Lysosomal amino acid
transporters are implicated in the transduction of the amino acid signal as well, including
SLC38A9, SLC36A1 (PAT1), and SLC15A4, which signal arginine and glutamine, small
unbranched amino acids, and histidine, respectively (Ögmundsdóttir et al., 2012;
Kobayashi et al., 2014; J. Jung et al., 2015; Rebsamen et al., 2015; S. Wang et al., 2015).
LeuRS is also suggested to sense leucine.
In addition, it has been reported that the vacuolar-H+-ATPase (V‑ATPase) is
required for activation of mTORC1 (Marino et al., 2010; Zoncu et al., 2011; Bar-Peled et
al., 2012; Y. Xu et al., 2012; C.-S. Zhang et al., 2014; Dechant et al., 2014; Gleixner et al.,
2014; Z. Wang et al., 2014; Jewell et al., 2015; Stransky & Forgac, 2015). It was first
observed that V‑ATPase inhibition induced autophagy and led to accrual of
autophagosomes (a process repressed by mTORC1), and inhibition of mTORC1 signaling
(Marino et al., 2010). Zoncu et al. observed that V‑ATPase inhibition blocked amino acid
stimulation of mTORC1 signaling in the Drosophila cell line S2 and the human cell line
HEK293T, indicating that the V‑ATPase may function as part of the amino acid sensing
machinery responsible for activation of mTORC1 by amino acids. mTORC1 recruitment to
the lysosomal surface was blocked by V‑ATPase inhibition. Constitutively active Rag
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GTPase isoforms rescue this effect, positioning the V‑ATPase downstream of amino acid
stimulation and upstream of Rag GTPase activation. How the V‑ATPase functions in
amino acid sensing is unknown, but it was found to associate directly with the Ragulator
(Zoncu et al., 2011). Additionally, V‑ATPase inhibition partially blocks amino aciddependent regulation of the Rag GTPase:Ragulator interaction (Bar-Peled et al., 2012).
Elucidating the role of the V‑ATPase in mTORC1 activation by amino acids was the
primary objective of this work. We will next consider the function and regulation of the
V‑ATPase.

1.3 The V‑ATPase

Functions of the V‑ATPase
The V‑ATPase is an
ATP-driven rotary proton pump
responsible
intracellular

for

acidifying

compartments

(Cotter, Stransky et al., 2015).
Its 14 subunits are organized
into two functional domains, V1
and V0, which hydrolyze ATP
and translocate protons across
membranes,

respectively.

Hydrolysis of ATP by V1 turns a

Figure 1.9 Structure and mechanism of the
V‑ ATPase.
Adapted from Stransky et. al. 2016.

central stalk, which is connected to the V0 domain (Figure 1.9). Rotation of the stalk turns
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the membrane-embedded V0 c ring. This rotation moves protons across the membrane.
Protons enter a cytoplasmic hemichannel in subunit V0a where they protonate glutamic
acid residues present in the c ring. Rotation of the c ring carries the proton through the
membrane to a luminal V0a hemichannel that contains a conserved arginine residue.
Interaction of the proton-carrying glutamate with the hemichannel arginine displaces the
proton, and it is released to the opposite side of the membrane. V‑ATPases generate and
maintain acidic intracellular compartments and transport protons across the plasma
membrane. Therefore, their activity is critical for many aspects of cellular homeostasis.
V‑ATPase-dependent proton flux across the plasma membrane is critical for the
function of a number of specialized cells. Plasma membrane expression of V‑ATPases in
osteoclasts enables acidification of the extracellular space for bone resorption (Qin et al.,
2012). In the kidney, V‑ATPase activity at the plasma membrane maintains pH
homeostasis of the blood via excretion of excess acid into the urine (Brown et al., 2009).
Similarly, plasma membrane V‑ATPases maintain the proper epididymal pH to enable
correct sperm maturation (Brown et al., 1997). Recently, mislocalization of V‑ATPases to
the plasma membrane of tumor cells has been linked to their ability to migrate, invade the
extracellular matrix, and metastasize (Hinton et al., 2009; C. Chung et al., 2011; Nishisho
et al., 2011; Gleize et al., 2012; Capecci & Forgac, 2013; Cotter, Capecci et al., 2015;
Kulshrestha et al., 2015).
Intracellular V‑ATPases determine the pH of the compartments of the
endocytic/secretory pathway, including late and early endosomes and lysosomes. pH
regulation is critical for proper trafficking and processing of these compartments and their
cargoes. Processes that occur as a function of the endocytic pathway, such as receptormediated endocytosis, thus require the V‑ATPase.
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Many signaling pathways rely on vesicular traffic and specific pH in the
endomembrane network, including Notch, Wnt, G-protein coupled receptors (GPCRs)
and receptor tyrosine kinases (RTKs).
Notch processing and receptor trafficking relies on V‑ATPase function (Yan et al.,
2009; Sethi et al., 2010; Vaccari et al., 2010; Valapala et al., 2013; Kobia et al., 2014; Rath
et al., 2014; Faronato et al., 2015). Impaired V‑ATPase activity, caused by mutation of
V‑ATPase genes or of Rabconnectin proteins, which regulate V‑ATPase function,
diminishes γ-secretase-dependent processing of the Notch receptor in early endosomes.
This cleavage of the notch receptor releases the intracellular domain of the protein to
translocate to the nucleus and initiate the Notch gene transcription program (Yan et al.,
2009; Vaccari et al., 2010).
V‑ATPase activity is necessary for activation of Wnt signaling. It permits activating
phosphorylation (George et al., 2007; Cruciat et al., 2010; Shen et al., 2011; Bernhard et
al., 2012) and receptor internalization upon ligand binding, which is required for full
receptor activation (Blitzer & Nusse, 2006; Seto & Bellen, 2006; H. Yamamoto et al.,
2006)). Rabconnectins are also necessary for Wnt receptor trafficking and activation
(Tuttle et al., 2014). In Zebrafish embryos deficient in Rabconnectin or the V‑ATPase, Wnt
signaling is initially impaired due to diminished receptor activation. However, later in
development, receptors accumulate in the plasma membrane due to defects in
endocytosis, leading to increased Wnt signaling (Tuttle et al., 2014).
G-protein coupled receptor (GPCR) signaling can also be regulated by endosomal
pH changes. For example, as activated and internalized parathyroid hormone receptor
(PTHR) moves through the endocytic pathway, the progressively lower vesicle pH favors
binding of the protein Retromer to the receptor, which inhibits PTHR signaling (Gidon et
al., 2014).
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The RTKs epidermal growth factor receptor (EGFR) and insulin receptor depend
on low endosomal pH for ligand dissociation and receptor trafficking after internalization
(Alwan et al., 2003). V‑ATPase inhibition prevents endosomal acidification and impedes
proper receptor trafficking. This can cause accumulation of activated receptors in the
endosomal compartment and prolong signaling (Alwan et al., 2003; J. Xu et al., 2012) or
lead to apoptosis (Rush et al., 2012).
Lysosomal V‑ATPases maintain the low pH of this organelle, and thus enable
protein processing and degradation. V‑ATPase activity supports the activity of pHdependent proteases and possibly lysosome/autophagosome fusion. Inhibition of the
V‑ATPase obstructs lysosomal protein degradation and autophagic flux (A. Yamamoto et
al., 1998; Kawai et al., 2007; Mijaljica et al., 2011; Ochotny et al., 2011; Kallifatidis et al.,
2013; Mauvezin et al., 2015; Mauvezin & Neufeld, 2015; Namkoong et al., 2015).
Lysosomal V‑ATPases have recently emerged as an important hub of cellular
signaling, independent of their role in pH regulation. As discussed above, lysosomal
V‑ATPases enable activation of mTORC1. Additionally, the V‑ATPase:Ragulator complex
is implicated in activation of AMPK (C.-S. Zhang et al., 2014), a critical sensor of cellular
energy which is activated during cellular stress and energy depletion (Faubert et al., 2015).
The V‑ATPase:Ragulator complex serves as a docking site for the protein AXIN, which
coordinates LKB1 and AMPK on the lysosomal surface during glucose starvation to
facilitate AMPK activation (C.-S. Zhang et al., 2014). When the V‑ATPase is knocked
down, AMPK is no longer activated by glucose starvation. However, the authors suggest
that inhibition of the V‑ATPase by concanamycin A treatment induces a conformation of
the V‑ATPase:Ragulator found during starvation, leading to recruitment of AXIN to the
lysosomal surface and activation of AMPK. Activation of AMPK by V‑ATPase inhibition

22

was previously described as a response to reactive oxygen species generation by V‑ATPase
inhibitor treatment and induction of apoptosis (von Schwarzenberg et al., 2013).
Intriguingly, AMPK also regulates the V‑ATPase, which is discussed in further detail
below. AMPK activity has effects that largely oppose mTORC1 activity. Considering its
dual role in AMPK and mTORC1 activation, the V‑ATPase may be a central component of
a nutrient-regulated checkpoint that ensures proper metabolic balance.

Regulation of the V‑ATPase
V‑ATPase activity is tightly controlled, both temporally and spatially, to meet
cellular needs. This occurs by three primary mechanisms: transcriptional regulation of
V‑ATPase genes, regulated trafficking to control V‑ATPase density, and regulated
assembly to alter activity of individual pumps.

Regulation of V‑ATPase gene expression
V‑ATPase genes are a major component of the CLEAR network of lysosomal genes
whose expression is co-regulated via the MiT/TFE family of transcription factors, which
are under the control of mTORC1, as discussed above (Sardiello et al., 2009; Palmieri et
al., 2011; Settembre et al., 2012; Martina et al., 2014). TFEB is the best studied regulator
of V‑ATPase gene expression (Peña-Llopis et al., 2011; Settembre et al., 2012; Gleixner et
al., 2014; Y. C. Kim et al., 2014), although it has been demonstrated that MITF also
regulates V‑ATPase gene expression (T. Zhang et al., 2015). Regulation of V‑ATPase gene
expression by MiT/TFE transcription factors is conserved, as demonstrated by recent
studies in Drosophila melanogaster (T. Zhang et al., 2015; Bouché et al., 2016; Tognon et
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al., 2016). Under starvation conditions, V‑ATPase gene expression is increased to support
the biogenesis of new lysosomes.

Regulation of V‑ATPase trafficking
Regulated trafficking of the V‑ATPase (Figure 1.13) is important for controlling
proton secretion by epithelial cells, and is well characterized in cells of the epididymis and
kidney. In epididymal clear cells, which control the pH of the epididymal lumen, and in
renal intercalated cells, which pump protons out of the plasma and into the urine for
excretion, V‑ATPase activity is controlled by alterations in the density of V‑ATPases in the
apical membrane (Brown & Breton, 2000; Păunescu et al., 2010; Breton & Brown, 2013).
Vesicle fusion and endocytosis of V‑ATPase-containing vesicles mediates these changes,
and is controlled by PKA and AMPK-dependent phosphorylations of the pump (PastorSoler et al., 2003; Alzamora et al., 2010, 2013; Al-bataineh et al., 2014). PKA
phosphorylation sites have been confirmed in both the A subunit and the C subunit of the
V1 domain (Voss et al., 2007; Alzamora et al., 2010). Both phosphorylations increase

Figure 1.10 Regulation of V-ATPase proton extrusion by changes in trafficking.
Adapted from Stransky 2016.
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V‑ATPase activity and accumulation in plasma membranes for proton secretion. AMPK
also phosphorylates the A subunit of the V1 domain (Hallows et al., 2009; Gong et al.,
2010; Alzamora et al., 2013; Al-bataineh et al., 2014). Elimination of the AMPK
phosphorylation site causes accumulation of pumps in the apical membrane of kidney cells
and increased proton secretion (Alzamora et al., 2013), whereas activation of AMPK leads
to retention within the cell, both in the kidney and the epididymis (Hallows et al., 2009;
Gong et al., 2010; Alzamora et al., 2013; Al-bataineh et al., 2014). AMPK activation
inhibited the effect of PKA on apical accumulation in epididymal cells (Hallows et al.,
2009). In the epididymis, apical trafficking also relies on RhoA/ROCKII (Shum et al.,
2011). It should be noted, however, that a number of these studies assessing changes in
V‑ATPase localization only assayed localization of V1 subunits. It is therefore impossible
to distinguish between changes in localization of intact pumps and changes in the number
of assembled holoenzymes, a process which we discuss in the next section.

Regulated assembly of the V‑ATPase
Regulated assembly quickly and locally tunes the activity of V‑ATPases by shifts in
the equilibrium between fully assembled, active holoenzymes and enzymes dissociated
into the constituent V1 and V0 domains, a state in which both domains are inactive (Figure
1.14) (Puopolo & Forgac, 1990; J. Zhang et al., 1992). This phenomenon was first observed
in yeast (Kane, 1995) and insect cells (Sumner et al., 1995), during glucose starvation and
the molting process, respectively, both times of cellular energy restriction. Reduction in
assembly under these conditions is proposed to preserve ATP in times of low cellular
energy.
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Assembly changes have also been reported in mammalian cells in response to a
number of stimuli. Treatment of cells in culture with varying glucose concentrations alters
V‑ATPase assembly (Sautin et al., 2005; Marjuki et al., 2011; Kohio & Adamson, 2013).
Increased assembly in response to elevated glucose concentrations could enable clearance
of metabolic acid generated by increased glycolysis. Decreased assembly during glucose
starvation may conserve cellular stores of ATP, as in yeast and insects. Infection by the
influenza virus also induces increased V‑ATPase assembly (Kohio & Adamson, 2013).
Increased assembly in early endosomes provides an acidic environment which is required
for fusion of the viral coat with the endosomal membrane and translocation of viral RNA
into the host cytoplasm. EGF stimulation of hepatocytes leads to increased assembly in
detergent-resistant membranes (Y. Xu et al., 2012). The authors hypothesize that
increased assembly generates increased levels of amino acids from protein breakdown in
lysosomes which then stimulate mTORC1 activity. It could also be that increased assembly

Figure 1.11 Regulated assembly of the V-ATPase.
Adapted from Stransky et al. 2016.
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in response to EGF stimulation has evolved to support efficient EGFR receptor trafficking,
as discussed above. Dendritic cell maturation, which requires acidification of the antigenprocessing compartment for antigen processing and presentation, also induces V‑ATPase
assembly (Trombetta et al., 2003; Liberman et al., 2014).
Changes in assembly, both to more assembled and less assembled states, can be
observed within minutes, and do not require new protein synthesis (Kane, 1995). Some
key molecular contributors to the signal transduction that controls regulated assembly
downstream of these stimuli have been determined.
The C subunit of the V1 domain is particularly important for regulating assembly.
V‑ATPase complexes lacking subunit C may assemble but are highly unstable (Puopolo et
al., 1992). In the disassembled state, subunit C is released from both the V1 and V0
domains, and may be the only subunit to completely dissociate from the complex in vivo
(Kane, 1995; Tabke et al., 2014). Increased expression of subunit C is sufficient to increase
V‑ATPase activity, consistent with an increase in assembled pumps (Petzoldt et al., 2013).
Assembly in yeast requires a protein complex containing Skp1, Rav1 and Rav2,
termed the RAVE complex (regulator of the (H+)-ATPase of the vacuolar and endosomal
membranes) (Seol et al., 2001; Smardon et al., 2002). RAVE associates with V1 and
promotes assembly (Seol et al., 2001; Smardon et al., 2002). Later work demonstrated
that this coordination of reassembly requires interaction with subunit C of the V1 domain,
which, as mentioned above, is the only subunit to completely dissociate from both V1 and
V0. (Smardon & Kane, 2007). This supports the idea that subunit C plays a critical role in
regulating assembly of the holoenzyme. In higher eukaryotes, Rabconnectin proteins,
which are RAVE homologs, enhance V‑ATPase assembly and acidification (Einhorn et al.,
2012; Schwab et al., 2012) and are critical for V‑ATPase function, as discussed above.
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DMXL2, the human homolog of Rav1, was recently found to interact directly with the
V‑ATPase (Merkulova et al., 2015).
V‑ATPase activity itself can influence the ability to alter the relative number of
assembled pumps. Glucose-dependent changes in assembly require a catalytically active
pump (Parra & Kane, 1998). Vacuolar neutralization with chloroquine keeps the V‑ATPase
assembled, even in the absence of glucose, consistent with a role of the V‑ATPase in
sensing and responding to vacuolar pH (Shao & Forgac, 2004). Further, this demonstrates
that while catalytic activity is necessary for changes in assembly, a highly active pump can
also be resistant to changes in assembly. Consistent with this interpretation, high
extracellular pH, during which the V‑ATPase must be highly active to maintain vacuolar
pH, also blocks glucose-induced changes in assembly (Diakov & Kane, 2010).
Aldolase and phosphofructokinase, both glycolytic enzymes, regulate assembly of
the pump, a relationship that is conserved in yeast and higher eukaryotes (M Lu et al.,
2001; Su et al., 2003; Ming Lu et al., 2007; C.-Y. Chan & Parra, 2014). In yeast lacking
aldolase, the V‑ATPase is constitutively disassembled (M Lu et al., 2001). Assembly
requires direct association of the V‑ATPase and aldolase, and is independent of aldolase
enzymatic activity (Ming Lu et al., 2007). Phosphofructokinase also directly associates
with the pump, however yeast lacking this enzyme are only deficient in glucose-induced
changes in assembly (Su et al., 2003; C.-Y. Chan & Parra, 2014)
As discussed above, PKA and AMPK regulate V‑ATPase trafficking. In yeast, PKA
is required for assembly (Bond & Forgac, 2008). In higher eukaryotes, PKA is also
involved in regulating assembly (Dames et al., 2006; Rein et al., 2008). Additionally,
studies of the role of PKA in V‑ATPase trafficking which only track localization of V1
subunits do not distinguish between changes assembly and trafficking (Hallows et al.,
2009; Alzamora et al., 2010; Gong et al., 2010; Tiburcy et al., 2013; Al-bataineh et al.,
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2014). Similarly, retention of V1 subunits within the cell interior in the presence of AMPK
activators could reflect decreased assembly at the apical membrane or differences in
trafficking of intact pumps (Hallows et al., 2009; Gong et al., 2010; Alzamora et al., 2013;
Al-bataineh et al., 2014).
In mammalian systems, phosphoinositide-3-kinase (PI3K) controls assembly in
response to elevated glucose, viral infection, and dendritic cell maturation (Sautin et al.,
2005; Marjuki et al., 2011; Kohio & Adamson, 2013; Liberman et al., 2014). mTORC1 also
contributes to regulated assembly in dendritic cells (Liberman et al., 2014). MAPK
activation is involved in increased assembly during influenza infection (Marjuki et al.,
2011).

1.4 Dissertation objectives and outline

Elucidating the role of the V‑ATPase in amino acid sensing
The mechanism by which V‑ATPase contributes to amino acid sensing and
subsequent activation of mTORC1 is not known. The lysosomal proton gradient was
dispensable for recruitment of Raptor to lysosomes in a cell-free system, suggesting that
the mechanism by which the V‑ATPase contributes to mTORC1 activation is distinct from
its role in proton transport and acidic lysosomal pH maintenance (Zoncu et al., 2011).
Intriguingly, association of Ragulator with the V1 domain is regulated by amino acids,
while association with V0 is constant (Zoncu et al., 2011). We hypothesized that a change
in assembly of the V‑ATPase V1/V0 holoenzyme complex could account for these changes.
Specifically, we hypothesized that an abundance of amino acids would induce disassembly
of the V‑ATPase, while amino acid starvation would induce assembly (Figure 1.12). Such
regulation would couple amino acid availability to their generation by protein turnover in
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lysosomes and autophagosomes, which require V‑ATPase-dependent acidification to
function (Figure 1.12). We further hypothesized that amino acid-dependent changes in
V‑ATPase assembly could be a critical part of the amino acid signal to the mTORC1
activation machinery (Figure 1.12). Chapter 2 of this dissertation details the experimental
methods used to address these hypotheses. Chapter 3 describes our finding that amino
acids are indeed novel regulators of V‑ATPase assembly, but that regulation of mTORC1
by amino acids is likely independent of these changes. Chapter 4 presents data that
V‑ATPase-dependent regulation of AMPK may be required for the observed effects of
V‑ATPase inhibition on mTORC1. Finally, chapter 5 discusses the impact of the work in
the context of the nutrient sensing field and possible future directions.

Figure 1.12 Hypothesis
We hypothesize that amino acids regulate V-ATPase assembly. This change may
influence mTORC1 activity and the degradative capacity of lysosomes.
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Chapter 2: Materials and Methods
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2.1 Materials and equipment
MEM, DMEM/F-12, FBS, penicillin/streptomycin, Lipofectamine 2000, and
Prolong Gold Anti-fade mounting medium were obtained from Invitrogen. DMEM/F-12
cell culture medium lacking amino acids was from US Biologicals. Amino acid powders,
FITC-dextran, anti-vinculin antibody, and chloroquine were purchased from Sigma.
LY294002 was from Selleck Chemicals, Rapamycin was from Alfa Aesar, and
concanamycin A was from Bioviotica. DAMP staining kit was purchased from Oxford
Biomedical Research. Antibodies to AMPKa, phospho-T172-AMPKa, Raptor, phosphoS792-Raptor, TSC2, phospho-S1387-TSC2, ACC, phospho-S79-ACC, Akt, phospho-S473Akt, p70 S6 kinase, and phospho-T389-p70 S6 kinase were from Cell Signaling
Technology. Antibody for V‑ATPase subunit A was from Abnova, and for subunit d1 from
Abcam. Antibody against HSP90α was from Enzo Life Sciences. Peroxidase-conjugated
anti-mouse and anti-rabbit antibodies were from Abcam and FITC-conjugated anti-goat
antibody was obtained from Sigma. Precast 4-15% mini-Protean gels from Bio-Rad were
used for SDS-PAGE. Primary antibody concentrations used were as follows: AMPKa,
phospho-T172-AMPKa, Raptor, phospho-S792-Raptor, phospho-S1387-TSC2, ACC,
phospho-S79-ACC, Akt, phospho-S473-Akt, p70 S6 kinase, phospho-T389-p70 S6 kinase,
subunit

A,

and

subunit

d1-

1:1000;

vinculin-

1:100,000;

HSP90α-

1:5000.

Chemiluminescence substrate for horseradish peroxidase was from General Electric and
luminescence was detected with Kodak Biomax film.
Cell homogenization was performed with a ball bearing homogenizer from
Isobiotec, or lysed by passing through a syringe fitted with a 27G needle obtained from BD
Life Sciences. Cytosolic fractions were concentrated in Amicon Ultra 10K Centrifugal
Filters from Merck Millipore. FITC quenching assays were performed using a Perkin
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Elmer luminescence spectrophotometer, model LS50B with Flwinlab software. Confocal
microscopy was performed on the Leica SPE system.

2.2 Cell culture

Cell line maintenance
HEK293T cells were maintained in Minimal Essential Medium supplemented with
10% FBS and 1% penicillin/streptomycin. MCF10CA1a cells were maintained in DMEM/F12 media supplemented with 10% FBS and 1% penicillin/streptomycin. NCI-H1734 and
NCI-H1838 cells were maintained in RPMI-1640 medium supplemented with 10% FBS
and 1% penicillin/streptomycin. A549 cells were maintained in F12 medium
supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were grown in a
humidified incubator at 37 °C with 5% CO2.

Cell treatments
For amino acid starvation and stimulation, HEK293T (3.0 x 106) cells were seeded
into 10 cm poly-D-lysine coated plates. The following day, the monolayer was rinsed twice
with warm PBS and media was replaced with amino acid-free media. Amino acid
concentration was immediately restored to that normally found in the media for baseline
(+/+) samples by addition of a 10x solution prepared in PBS. The final amino acid
concentrations were as follows: 0.05 mM L-alanine; 0.699 mM L-arginine hydrochloride;
0.05 mM L-asparagine; 0.05 mM L-aspartic acid; 0.2 mM L-cysteine; 0.05 mM Lglutamic acid monosodium salt; 2.5 mM L-glutamine; 0.25 mM glycine; 0.15 mM Lhistidine hydrochloride-H2O; 0.416 mM L-isoleucine; 0.451 mM L-leucine; 0.499 mM Llysine hydrochloride; 0.116 mM L-methionine; 0.215 mM L-phenylalanine; 0.15 mM L-
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proline; 0.25 mM L-serine; 0.449 mM L-threonine; 0.0442 mM L-tryptophan; 0.214 mM
L-tyrosine; 0.452 mM L-valine. Solutions lacking single amino acids were similarly
prepared without the indicated amino acid. After 50 minutes at 37 °C, amino acids or an
equivalent volume of PBS were added to the amino acid readdition (-/+) and starved (-/) samples, respectively. Incubation at 37 °C was continued for 15 minutes. Where
applicable, inhibitors were used at the following concentrations: 5 µM concanamycin A;
50 µM LY294002; 2 nM rapamycin; 100 µM chloroquine; 5 µM dorsomorphin.

2.3 Assessing V‑ATPase assembly and signaling pathway activation

Cell fractionation
To prepare subcellular membrane and cytosol fractions, cells were placed on ice
and the monolayer was rinsed two times with ice-cold PBS. Cells were scraped into 650
µL homogenization buffer (250 mM sucrose, 1 mM EDTA, 10 mM HEPES, 1 mM PMSF, 2
µg/mL aprotinin, 5 µg/mL leupeptin, 1 µg/mL pepstatin) and lysed by repeated passage
through a ball bearing homogenizer. Homogenate was cleared of intact cells and nuclei by
centrifugation at 500 x g for 10 minutes. The supernatant was subjected to
ultracentrifugation at 100,000 x g for 30 minutes to pellet the membrane fraction. The
supernatant containing the cytosolic fraction was concentrated using Amicon Ultra 10K
centrifugal filters per the manufacturer’s instructions. Resulting cytosolic samples were
supplemented with 1% SDS to yield the final cytosolic fractions. Membrane pellets were
rinsed once with homogenization buffer and resuspended in homogenization buffer
containing 1% SDS to yield the final membrane fractions.
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Figure 2.1 Strategy to assess V-ATPase assembly.
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Preparation of whole cell lysates
To prepare whole cell lysates, cells were kept on ice or at 4 °C for the duration of
their preparation after treatment as indicated. The monolayer was rinsed two times with
ice-cold PBS. Cells were collected by scraping into 150 µL lysis buffer (150 mM NaCl, 1%
Triton X-100, 50 mM Tris-HCl pH 8.0, 1 mM PMSF, 2 µg/mL aprotinin, 5 µg/mL
leupeptin, 1 µg/mL pepstatin, 1 mM NaF, 1mM NaN3, 1 mM β-glycerophosphate). Cell
suspensions were agitated continuously for 30 minutes to allow complete lysis. Crude
lysates were cleared of unbroken cells and nuclei by centrifugation at 16,100 x g for 20
minutes.

Western blotting
Protein concentrations of lysates and fractions were determined by the Lowry
method (Lowry et al., 1951). Samples were diluted in SDS-containing buffer and 10-20 µg
protein separated by SDS-PAGE on 4-15% gradient gels before transfer to nitrocellulose
membrane. To determine relative V‑ATPase assembly, subunit A of the V1 domain,
subunit d1 of the V0 domain, vinculin, and HSP90α were detected by Western blotting
using specific antibodies, as noted above. Band intensities were quantified using ImageJ
software. Subunit A intensities were normalized for membrane (subunit d1) and cytosolic
(HSP90α or vinculin) and the ratio of membrane:cytosolic subunit A calculated. Ratios
were normalized for each individual experiment, with the baseline sample (+/+) set as 1.
See also figure 2.1.
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2.4 Assessing V‑ATPase activity

FITC-dextran loading and isolation of lysosomes
HEK293T (4.0 x 106) cells were plated in 10 cm poly-D-lysine coated plates. The
following day, media was replaced with media containing 2.2 mg/mL FITC-dextran, and
cells incubated over night to allow uptake of the dye by endocytosis. The following day,
FITC-dextran containing media was replaced with unlabeled media and cells incubated to
allow all dye to progress to the lysosomal compartment (Galloway et al., 1983). Cells were
treated with amino acids and inhibitors as described above. After treatment, cells were
placed on ice and rinsed with ice-cold PBS. Cells were collected by scraping into 500 µL
fractionation buffer (125 mM KCl, 1 mM EDTA, 50 mM sucrose, 20 mM HEPES, 1 mM
PMSF, 2 µg/mL aprotinin, 5 µg/mL leupeptin, 1 µg/mL pepstatin) and collected by
centrifugation at 1200 x g for 5 minutes. Cells were resuspended in 750 µL fractionation
buffer and lysed by spraying through a 27G needle ten times. Lysates were cleared of nuclei
and intact cells by centrifugation at 2,000 x g for 10 minutes. The resulting supernatant
was then centrifuged for 15 minutes at 16,100 x g to sediment the FITC-dextran containing
lysosomes and other light organelles (Steinberg et al., 2010; Zoncu et al., 2011). Resulting
pellets were resuspended in 100 µL fractionation buffer and protein concentration
determined by the Lowry method (Lowry et al., 1951).

Measurement of concanamycin A-dependent fluorescence quenching
To measure concanamycin A-dependent proton pumping, 20 µg protein were
added to 500 µL fractionation buffer pre-warmed to 37 °C. Sample fluorescence was
excited at 490 nm and emission fluorescence at 520 nm measured continuously in a
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Figure 2.2 Strategy to assess lysosomal V-ATPase activity.
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luminescence spectrophotometer and recorded with Flwinlab software. After initial
fluorescence stabilized, 1 mM ATP and 2 mM Mg2+ were added to the sample to initiate
ATPase activity and proton pumping into the lysosomes, causing quenching of FITC in the
lysosomal lumen. V‑ATPase dependence of quenching was verified by performing the
assay in the presence of 1 µM concanamycin A, which completely inhibited fluorescence
quenching. To determine the initial rate of quenching, depends on V‑ATPase activity, the
linear fit was calculated for the first 10 seconds of measurements using GraphPad Prism
software by linear regression and the slope recorded. See also figure 2.2.

2.5 DAMP staining to detect acidic intracellular compartments
HEK293T cells (0.3 x 106) were plated into 6-well plates containing poly-D-lysine
coated glass coverslips and allowed to attach overnight. The following day, cells were
treated with media containing 100 µM chloroquine (or an equivalent volume of PBS) for
65 minutes. DAMP reagent was added after 15 minutes, and incubation at 37 °C continued.
Cells were rinsed with PBS and fixed for 15 minutes with 4% paraformaldehyde. Free
aldehydes were quenched by a 5-minute incubation of samples in 50 mM ammonium
chloride. Fixed cells were permeabilized with PBS containing 0.1% Trition X-100 for 10
minutes. DAMP was detected with a polyclonal goat-anti-DNP antibody. Secondary antigoat antibodies were FITC-conjugated to allow detection of DAMP signal. Coverslips were
mounted with Prolong Gold Anti-fade with DAPI. Samples were imaged by confocal
microscopy.

2.6 Determination of mTOR localization by immunofluorescence
HEK293T cells (0.1 x 106) were plated into 24-well plates containing poly-D-lysine
coated glass coverslips and allowed to attach overnight. The following day, cells were
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treated with medium lacking amino acids, or complete medium containing the indicated
inhibitors (or an equivalent volume of DMSO) for 60 minutes. Cells were rinsed with PBS
and fixed for 15 minutes with 4% paraformaldehyde. Free aldehydes were quenched by a
5-minute incubation of samples in 50 mM ammonium chloride. Fixed cells were
permeabilized with PBS containing 0.1% Trition X-100 for 10 minutes. mTOR was
detected with a polyclonal anti-mTOR antibody. Secondary anti-rabbit antibodies were
Alexa 468-conjugated to allow detection of mTOR signal. Coverslips were mounted with
Prolong Gold Anti-fade with DAPI. Samples were imaged by confocal microscopy. Zstacked images were summed to a single plane using FIJI software.

2.7 Statistical analysis
Graphed data are means of the indicated number of independent experiments.
Student’s paired t test was used to calculate significance. p < 0.05 was considered
significant.
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Chapter 3: Regulation of the V‑ATPase by amino acids
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3.1 Rationale
The V‑ATPase was identified as a critical component of the amino acid sensing
machinery which communicates amino acid availability to mTORC1 (Zoncu et al., 2011).
The V‑ATPase directly associates with the Ragulator complex on the lysosomal membrane
(Zoncu et al., 2011). The Ragulator serves as a platform for the Rag GTPases, which, when
activated by the presence of amino acids, recruit mTORC1 to lysosomes, allowing it to be
activated by lysosome-localized Rheb (Sancak et al., 2010; Bar-Peled et al., 2012).
V‑ATPase inhibition blocks the amino acid signal by an unknown mechanism.
V‑ATPase activity is carefully regulated, particularly by the process of reversible
assembly, whereby the equilibrium between the V‑ATPase holoenzyme and the separate
V1 and V0 domains is controlled (Kane, 1995; Sumner et al., 1995; Cotter, Stransky et al.,
2015). When not in complex, the V1 and V0 domains are unable to perform their functions,
and V‑ATPase–dependent acidification is prevented (Puopolo & Forgac, 1990; J. Zhang
et al., 1992). Control of V‑ATPase assembly in mammalian cells is not well understood.
There is evidence that glucose influences assembly (Sautin et al., 2005; Marjuki et al.,
2011; Kohio & Adamson, 2013), as has previously been described in yeast (Kane, 1995).
Phosphoinositide-3 kinase (PI3K) activity may play a role downstream of various stimuli,
including dendritic cell maturation (Liberman et al., 2014), elevation of glucose
concentration (Sautin et al., 2005; Marjuki et al., 2011; Kohio & Adamson, 2013), and
influenza infection (Kohio & Adamson, 2013). Evidence that AMPK and PKA control
V‑ATPase activity has also been reported (Pastor-Soler et al., 2003; Hallows et al., 2009;
Alzamora et al., 2010; Gong et al., 2010; Alzamora et al., 2013; Al-bataineh et al., 2014).
In model organisms, including yeast and insect systems, PKA is implicated in controlling
V-ATPase assembly (Voss et al., 2007; Bond & Forgac, 2008; Rein et al., 2008; Tiburcy et
al., 2013).
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Intriguingly, the association of the V‑ATPase with the Ragulator is amino aciddependent (Zoncu et al., 2011). Interaction between the cytosolic V1 domain and the
Ragulator is weakened upon amino acid addition, whereas the V0:Ragulator association is
unaffected by amino acids (Zoncu et al., 2011). We hypothesized that this differential
association with the Ragulator may be due to amino acid-dependent changes in V‑ATPase
assembly. Increased V‑ATPase assembly would lower lysosomal pH, increasing protein
turnover and hence increasing amino acid levels. An amino acid-responsive V‑ATPase
could couple lysosomal protein turnover to amino acid availability. Here, we demonstrate
for the first time that V‑ATPase assembly is responsive to amino acid availability,
increasing during amino acid starvation. Further, we sought to describe the signaling that
controls this change and identify the critical amino acids driving it.

3.2 Amino acids regulate the V‑ATPase

Amino acids alter V‑ATPase assembly
To test if amino acid availability alters V‑ATPase assembly, we subjected
HEK293T cells to complete amino acid starvation for 65 minutes (-/-) or starvation for 50
minutes followed by stimulation for 15 minutes (-/+). Baseline assembly was assessed in
cells maintained in amino acids for the duration of the experiment (+/+). After treatment,
cells were lysed and the resulting homogenate separated into membrane and cytosolic
fractions by sedimentation. The fractions were subjected to SDS-PAGE followed by
Western blotting to assess the distribution of V1 (specifically subunit A of the V1 domain)
in the fractions. Amino acid starvation leads to an increase in membrane-associated
subunit A, indicating increased V‑ATPase assembly, while readdition of amino acids
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returns assembly to near baseline levels (Figure 3.1A). Western blots were quantified using
ImageJ software, and assembly was calculated as the ratio of membrane to cytosolic
subunit A, normalized to baseline (+/+) assembly levels for each experiment. Amino acid
starvation significantly increases V‑ATPase assembly approximately two-fold, and
readdition of amino acids restores near baseline assembly (Figure 3.1B).

Figure 3.1 Amino acids alter V-ATPase assembly.
A. HEK293T cells were maintained in amino acids for 65 minutes (+/+), starved of
amino acids for 65 minutes (-/-), or starved of amino acids for 50 minutes followed by a
readdition of amino acids for 15-minutes (-/+). Cell homogenates were prepared,
separated into membrane (M) and cytosolic (C) fractions by sedimentation, and
subjected to SDS-PAGE and Western blotting using antibodies against subunit A as a
measure of V1, subunit d1 as a loading control for the membrane fraction and vinculin
as a loading control for the cytosolic fraction, as described in Experimental Procedures.
The amount of subunit A present in the membrane fraction indicates the amount of
assembled V-ATPase. A representative Western blot is shown; B. Western blots
performed as in A were quantified by Image J analysis to assess relative V-ATPase
assembly. Subunit A band intensities were normalized to membrane and cytosolic
loading controls, and the ratio of membrane to cytosolic subunit A was calculated. To
combine results from independent experiments, values were normalized to baseline
(+/+) assembly levels (defined as 1.0 for each trial). The average ratio for (+/+)
conditions was 0.37 (±0.05). p < 0.05: +/+ vs -/-. The number of independent trials is
shown as n and the error bars represent standard error.
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We confirmed that this effect is not specific to HEK293T cells by subjecting the breast

cancer cell line MCF10CA1a to the same amino acid starvation and stimulation, and
Amino acids modulate V-ATPase Ass
observed a comparable increase in assembly during amino acid starvation and return to

Figure
S1
near baseline after amino acid readdition (Figure 3.2).

MCF10CA1a cells

Relative V-ATPase assembly

2.5
2.0
1.5
1.0
0.5
0.0
+/+
-/-/+
n=2
n=2
n=2
Amino Acid Treatment

Figure 3.2 Amino acids alter V-ATPase assembly in MCF10Ca1A cells.
MCF10Ca1A cells were maintained in amino acids for 65 minutes (+/+), starved of
amino acids for 65 minutes (-/-), or starved of amino acids for 50 minutes followed
by a readdition of amino acids for 15-minutes (-/+). Cell homogenates were prepared,
separated into membrane (M) and cytosolic (C) fractions by sedimentation, and
subjected to SDS-PAGE and Western blotting using antibodies against subunit A as a
measure of V1, subunit d1 as a loading control for the membrane fraction and vinculin
as a loading control for the cytosolic fraction. Western blots were quantified by
ImageJ analysis to assess relative V-ATPase assembly. Subunit A band intensities
were normalized to membrane and cytosolic loading controls, and the ratio of
membrane to cytosolic subunit A was calculated. To combine results from
independent experiments, values were normalized to baseline (+/+) assembly levels
(defined as 1.0 for each trial). The number of independent trials is shown as n and the
error bars represent standard error.
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Amino acids alter lysosomal V‑ATPase-dependent proton transport
To independently confirm the effect of amino acids on V‑ATPase assembly and to
determine whether the assembled complexes were active and present in lysosomes, we
utilized the pH-dependent fluorescence probe FITC conjugated to dextran (FITC-dextran)
to measure the rate of proton pumping in lysosomes. FITC-dextran added to the media of
cells is taken up by fluid phase endocytosis and is trafficked through the endocytic pathway
to lysosomes, where it accumulates (Galloway et al., 1983; Steinberg et al., 2010).
Following the loading period with a chase of at least 30 minutes ensures that FITC-dextran

Figure 3.3 Amino acids alter V-ATPase-dependent proton transport.
V-ATPase activity was measured by ATP-dependent fluorescence quenching of FITCloaded lysosomes. A. HEK293T cells were allowed to take up FITC-Dextran by endocytosis
and the dye chased to the lysosomal compartment. Cells were mechanically lysed and a
fraction containing FITC-Dextran-loaded lysosomes was isolated by sedimentation.
Fluorescence was measured over time to assess pH dependent quenching following
addition of 1 mM MgATP. Representative traces shown are for lysosomes isolated from
HEK293T cells maintained in amino acids (+/+), starved of amino acids (-/-), or starved
of amino acids for 50 minutes followed by readdition of amino acids for 15 minutes (-/+).
ATP-dependent fluorescence quenching was not observed for samples preincubated in the
presence of 5 µM concanamycin A; B. The initial rate of MgATP-dependent fluorescence
quenching was determined by a linear regression analysis for each condition. Rates of
fluorescence quenching from independent experiments were normalized to the value
observed for lysosomes isolated from cells maintained in amino acids throughout (+/+).
p < 0.05: +/+ vs -/- and -/+
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is localized only to lysosomes (Galloway et al., 1983). Because FITC fluorescence is
quenched at low pH, fluorescence intensity permits the measurement of lysosomal
acidification. V‑ATPase-dependent acidification is defined as the concanamycin-sensitive
portion of lysosomal acidification observed following the addition of magnesium-ATP to
cell lysates containing FITC-loaded lysosomes (Liberman et al., 2014). Lysosomes derived
from cells starved of amino acids
display

significantly

increased

concanamycin-sensitive,

ATP-

dependent fluorescence quenching,
indicating
transport

increased
(Figure

3.3A).

proton
This

increase was partially reversed upon
amino acid readdition. The initial
rate of fluorescence quenching was
determined by linear regression
analysis of each condition. Rates of
fluorescence

quenching

from

independent

experiments

were

Figure 3.4 Time dependence of increased
V‑ ATPase-dependent proton transport after
amino acid starvation.
HEK293T cells were loaded with FITC-Dextran
and starved of amino acids for 5, 15, 30, or 65
minutes before cell lysis and isolation of the
lysosome- containing fraction, as described
above. p < 0.05: +/+ vs -/- 15 minutes and -/- 65
minutes.

normalized to the value observed for lysosomes isolated from cells maintained in amino
acids throughout the experiment (+/+). As shown in Figure 3.3B, amino acid starvation
led to an increase in the rate of V‑ATPase-dependent fluorescence quenching which was
partially reversed upon amino acid readdition for 15 minutes. Thus, V‑ATPase complexes
assembled in response to amino acid depletion are at least partially localized to lysosomes
and catalytically active. We collected samples over the experimental time course to
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characterize the rate of change of V‑ATPase activity (Figure 3.4). During starvation,
V‑ATPase activity reaches a maximum after 30 minutes.

3.3 Regulation of amino acid-dependent changes in V‑ATPase
assembly

Concanamycin A treatment blocks amino acid-dependent changes in
V‑ATPase assembly
V‑ATPase assembly has previously been shown to change in response to glucose
levels and this change, at least in yeast, is dependent upon V‑ATPase activity (Parra &
Kane, 1998). We thus sought to assess if addition of concanamycin A, a V‑ATPase-specific
inhibitor, would alter the change in V‑ATPase assembly in response to amino acid
starvation and readdition. Cells were treated with amino acid starvation and stimulation
as described above, but with the addition of 5 µM concanamycin A or an equivalent volume

Figure 3.5 Concanamycin inhibits mTORC1 activity in a dose-dependent
manner
HEK293T cells were treated with increasing doses of concanamycin A in the
presence (+) or absence (-) of amino acids for 65 minutes before cell lysis for
Western blotting.
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of DMSO to the culture medium for the duration of the experiment. This concentration
was selected because it is sufficient to inhibit mTORC1 signaling (Figure 3.5), as previously
described (Zoncu et al., 2011). As shown in Figure 3.6, while concanamycin slightly
decreased assembly, the amino acid-dependent change in V‑ATPase assembly is largely
blocked in the presence of concanamycin. Thus, like the glucose-dependent change in
assembly, the amino acid-dependent assembly change is prevented by treatment with a
V‑ATPase inhibitor.

Figure 3.6 Control of amino acid-induced changes in V-ATPase assembly
Quantification of V-ATPase assembly in HEK293T cells maintained in amino acids (+/+),
starved of amino acids (-/-), or starved of amino acids for 50 minutes followed by
readdition of amino acids for 15 minutes (-/+) was performed as previously described.
Assays were carried out with the addition of 5 µM concanamycin A to inhibit the V-ATPase,
50 µM LY294002 to inhibit PI3K, 2 nM rapamycin to inhibit mTORC1, or 100 µM
chloroquine to neutralize lysosomal pH, as indicated. Ratios for each set of conditions are
normalized to cells maintained in amino acids (+/+) in the absence of inhibitors. p < 0.05:
+/+ vs -/- and -/+. The number of independent trials is shown as n and the error bars
represent standard error.
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Amino acid sensing is independent of PI3K and mTOR signaling
PI3K has been shown to be involved in increased V‑ATPase assembly in
mammalian systems in response to various stimuli, including maturation of dendritic cells
(Liberman et al., 2014), elevated glucose concentrations (Sautin et al., 2005; Marjuki et
al., 2011; Kohio & Adamson, 2013), and influenza infection (Marjuki et al., 2011). We thus
determined if inhibition of PI3K by treatment of cells with the inhibitor LY294002 would
alter V‑ATPase assembly changes in response to amino acid availability. We first
established the minimal dose of LY294002 necessary to inhibit PI3K signaling by
measuring inhibition of phosphorylation of Akt, a major downstream target of PI3K
(Franke et al., 1997). Treatment with 50 µM LY294002 completely blocked Akt
phosphorylation after one hour (Figure 3.7). We then proceeded to subject cells to amino
acid starvation and readdition in the presence of 50 µM LY294002. While PI3K inhibition
slightly lowers baseline assembly, it does not prevent significantly increased assembly in
response to amino acid starvation, or the reduction in assembly after amino acid
readdition (Figure 3.6). The effect of PI3K inhibition on V‑ATPase assembly was
confirmed by V‑ATPase-dependent proton transport, as measured by ATP-dependent,

Figure 3.7 LY294002 inhibits PI3K activity in a dose-dependent manner
HEK293T cells were treated with increasing doses of LY294002 for 65 minutes before
cell lysis for Western blotting for Akt.
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concanamycin-sensitive fluorescence quenching (Figure 3.8). Cells were subjected to
amino acid starvation and stimulation in the presence of 50 µM LY294002 followed by
measurement of proton transport as described above. V‑ATPase-dependent proton
pumping in FITC-dextran-loaded lysosomes was reduced by treatment with LY294002,
but the significant change in proton transport upon amino acid starvation and readdition
was undiminished (Figure 3.8). Thus, unlike the change in assembly of the mammalian
V‑ATPase in response to other stimuli, the amino acid-dependent change in assembly
does not appear to involve PI3K.

Figure 3.8 Amino acid- induced changes in V-ATPase-dependent proton transport
are independent of PI3K and mTORC1.
V-ATPase-dependent proton transport was measured by ATP-dependent fluorescence
quenching of FITC-loaded lysosomes. HEK293T cells were subjected to amino acid
starvation and readdition in the presence of 50 µM LY294002 to inhibit PI3K, 2 nM
rapamycin to inhibit mTORC1, or in the absence of inhibitors, as indicated, followed by
measurement of ATP-dependent fluorescence quenching as described above. p < 0.05: +/+
vs -/- and -/+; +/+ LY vs -/- LY, -/+ LY; -/- LY vs -/+ LY. The number of independent trials
is shown as n and the error bars represent standard error.
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mTORC1 activity has also been linked to regulation of V‑ATPase assembly
(Liberman et al., 2014). We first established the minimal effective dose of rapamycin, an
inhibitor of mTORC1, to fully inhibit S6 Kinase phosphorylation by mTORC1 as 2 nM
(Figure 3.9). We then tested if the addition of 2 nM rapamycin would alter V‑ATPase
assembly in response to amino acid availability. As with PI3K inhibition, rapamycin
treatment decreased baseline assembly, but did not prevent the increased assembly
observed upon amino acid depletion or the subsequent decreased assembly upon amino
acid readdition (Figure 3.6). To confirm this result, the effect of rapamycin on V‑ATPasedependent proton transport in FITC-dextran-loaded lysosomes was measured. As shown
in Figure 3.8, amino acid-dependent changes in V‑ATPase-dependent proton transport
were unchanged by inhibition of mTORC1. Thus, unlike the increased assembly observed
during dendritic cell maturation, the amino acid-dependent change in assembly was not
dependent upon mTORC1.

Figure 3.9 Rapamycin inhibits mTORC1 activity in a dose-dependent
manner
HEK293T cells were treated with increasing doses of Rapamycin for 65 minutes
before cell lysis for Western blotting of S6K.
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Inhibition of AMPK reduces V‑ATPase-dependent proton pumping and
blocks amino acid-dependent changes
We also interrogated the role of AMPK in controlling V‑ATPase activity. AMPK is
activated during starvation and cellular stress (Hardie, 2011; Shang et al., 2011). It has
been shown to control plasma membrane V‑ATPase activity and localization via
phosphorylation of the A subunit of the V1 domain (Hallows et al., 2009; Gong et al., 2010;
Alzamora et al., 2013; Albataineh et al., 2014). We first
determined
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Figure 3.10 Dorsomorphin inhibits AMPK activity in
by a dose-dependent manner
HEK293T cells were treated with increasing doses of
decreased
AMPK-dependent dorsomorphin for 65 minutes before cell lysis for
Western blotting of ACC.
phosphorylation of ACC (Figure
activity

as

determined

3.10). We then tested lysosomal V‑ATPase activity in lysosomes collected from HEK293T
cells treated with amino acid starvation and stimulation in the presence of 5 µM
dorsomorphin. The addition of the AMPK inhibitor significantly reduces the rate of
V‑ATPase-dependent FITC quenching by approximately 50% (Figure 3.11). Further,
amino acid-dependent changes in V‑ATPase activity are blocked.
We next assessed if activation of AMPK would increase V‑ATPase activity. We
assessed the minimal effective dose of the AMPK activator AICAR, again by monitoring
AMPK-dependent phosphorylation of ACC (Figure 3.12). We selected 1 mM AICAR for
further experiments. V‑ATPase activity was slightly decreased by the addition of 1 mM
AICAR (Figure 3.13). Together, these results indicate that while AMPK activity is
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Figure 3.11 Amino acid-induced changes in V-ATPase-dependent proton
transport are dependent on AMPK.
V-ATPase-dependent proton transport was measured by ATP-dependent,
fluorescence quenching of FITC-loaded lysosomes. HEK293T cells were subjected
to amino acid starvation and readdition in the presence or absence of 5 µM
dorsomorphin, as indicated, followed by measurement of ATP-dependent
fluorescence quenching as described above. The number of independent trials is
shown as n and the error bars represent standard error.

54

necessary for lysosomal V‑ATPase activity, activation of AMPK by AICAR is not sufficient
to increase lysosomal V‑ATPase activity.

Figure 3.12 AICAR activates AMPK activity in a dose-dependent manner
HEK293T cells were treated with increasing doses of dorsomorphin for 65 minutes
before cell lysis for Western blotting of ACC.

Figure 3.13 AMPK activation does not increase V-ATPase-dependent
proton transport
V-ATPase-dependent proton transport was measured by ATP-dependent,
fluorescence quenching of FITC-loaded lysosomes. HEK293T cells were
treated with 1 mM AICAR for 65 minutes, as indicated, followed by
measurement of ATP-dependent fluorescence quenching as described above.
The number of independent trials is shown as n and the error bars represent
standard error.
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Inhibition of PKA blocks amino acid-dependent changes in V‑ATPase
activity without changing baseline activity
PKA is an important regulator of pump activity and localization (Pastor-Soler et
al., 2003; Voss et al., 2007; Bond & Forgac, 2008; Rein et al., 2008; Hallows et al., 2009;
Alzamora et al., 2010; Gong et
al., 2010; Tiburcy et al., 2013; Albataineh

et

al.,

2014).

We

therefore assessed the role of
PKA in amino acid-dependent
Figure 3.14 H89 inhibits PKA activity in a dosechanges in V‑ATPase activity. dependent manner.
We first identified the minimal HEK293T cells were treated with increasing doses of
H89 for 65 minutes before cell lysis for Western
effective dose of two PKA blotting of CREB
inhibitors, H89 (Figure 3.14) and
AT13148 (Figure 3.15) to inhibit
PKA-dependent phosphorylation
of

CREB.

We

next

assayed

V‑ATPase activity during amino
acid starvation and stimulation in
the presence of 50 µM H89 or 0.5
Figure 3.15 AT13148 inhibits PKA activity in a doseµM AT13148. As shown in Figure dependent manner.
3.16, neither of these inhibitors HEK293T cells were treated with increasing doses of
AT13148 for 65 minutes before cell lysis for Western
altered
baseline
V‑ATPase blotting of CREB.
activity,

and

both

completely

abrogated the starvation-induced increase in activity.
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Figure 3.16 Amino acid-induced changes in V-ATPase-dependent proton transport
are dependent on PKA.
V-ATPase-dependent proton transport was measured by ATP-dependent fluorescence
quenching of FITC-loaded lysosomes. HEK293T cells were subjected to amino acid
starvation and readdition in the presence or absence of 50 µM H89 or 0.5 µM AT13148, as
indicated, followed by measurement of ATP-dependent fluorescence quenching as
described above. The number of independent trials is shown as n and the error bars
represent standard error.
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We next assessed if activation of PKA would increase lysosomal V‑ATPase activity.
We assayed PKA activation by forskolin (Figure 3.17) and 8-Br-cAMP (Figure 3.18) and
selected 10 µM of each compound for further experiments. Stimulation of PKA activity by
either compound was not sufficient to increase V‑ATPase activity (Figure 3.19).

Figure 3.17 Forskolin activates PKA activity in a dose-dependent manner
HEK293T cells were treated with increasing doses of forskolin for 65 minutes
before cell lysis for Western blotting of CREB

Figure 3.18 8-Br-cAMP activates PKA activity in a dose-dependent manner
HEK293T cells were treated with increasing doses of 8-Br-cAMP for 65 minutes
before cell lysis for Western blotting of CREB
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Figure 3.19 Amino acid-induced V-ATPase-dependent proton transport is not
increased by activation of PKA.
V-ATPase-dependent proton transport was measured by ATP-dependent, fluorescence
quenching of FITC-loaded lysosomes. HEK293T cells were subjected to amino acid
starvation and readdition in the presence or absence of 10 µM forskolin or 10 µM
8‑Br‑cAMP, as indicated, followed by measurement of ATP-dependent fluorescence
quenching as described above. The number of independent trials is shown as n and the
error bars represent standard error.
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Amino acid sensing requires an acidic lysosomal compartment
The V‑ATPase is responsible for maintaining an acidic lysosomal pH and is also
known to sense and respond to changes in luminal pH (Shao & Forgac, 2004; HurtadoLorenzo et al., 2006). Further, chloroquine treatment blocks disassembly of the yeast
V‑ATPase in response to glucose depletion (Shao & Forgac, 2004). We thus tested if
addition of 100 µM chloroquine, which neutralizes acidic intracellular compartments as
detected by DAMP staining (Figure 3.20), would alter the V‑ATPase response to changes
in amino acid availability. Consistent with our previous results in yeast (Shao & Forgac,
2004), treatment with 100 µM chloroquine significantly increased V‑ATPase assembly
under all conditions, but completely blocked changes in assembly in response to amino
acid availability (Figure 3.6). Thus, the amino acid-induced change in assembly requires
an acidic lysosomal pH.

Figure 3.20 Neutralization of acidic intracellular compartments by chloroquine.
100 µM chloroquine neutralizes lysosomes in HEK293T cells as assessed by DAMP
staining. HEK293T cells were grown on glass coverslips and treated with 100 µM
chloroquine or media containing an equivalent volume of PBS for 65 minutes. DAMP was
added to the culture media 50 minutes before cells were fixed to allow accumulation in
acidic compartments. DAMP was detected by anti-dinitrophenol antibodies (green
fluorescence) and immunocytochemistry performed. Nuclei are stained with DAPI (blue
fluorescence). Staining was assessed by confocal fluorescence microscopy
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Starvation of specific amino acids modulates V‑ATPase activity and
assembly
We have described an increase in V‑ATPase assembly and activity during
starvation of all 20 amino acids. To test whether these changes were driven by a few key
amino acids, or were only observable following starvation of the complete group of amino
acids, we tested the effect of starvation of each individual amino acid on V‑ATPasedependent acidification of lysosomes. Withdrawal of several amino acids, including
arginine, isoleucine, leucine, lysine and methionine caused an increase in activity, while
starvation of several others, including aspartate, glutamate, and serine, decreased activity
(Figure 3.21). For several of the amino acids showing changes in activity, we have also
investigated the effects of withdrawal on V‑ATPase assembly. As shown in Figure 3.21, for
most amino acids the observed changes in assembly generally parallel the changes in
activity. Arginine, leucine, and lysine starvation increase both activity and assembly while
glutamate and serine starvation decreases both activity and assembly. For other amino
acids, including aspartate and methionine, there may be changes in activity that are not
accounted for by changes in assembly, although additional work will be required to
establish whether these differences are significant.
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Figure 3.21 Starvation of individual amino acids alters V-ATPase-dependent proton
transport and assembly.
A. HEK293T cells were allowed to take up FITC-Dextran by endocytosis and the dye chased
to the lysosomal compartment. Loaded cells were maintained in amino acids (+/+), starved
of all amino acids (-/-), or starved of the indicated amino acid (-Xxx) for 65 minutes. Cells
were then mechanically lysed and a fraction containing FITC-Dextran-loaded lysosomes
was isolated by sedimentation. Fluorescence was measured over time to assess pHdependent quenching following addition of 1 mM MgATP. ATP-dependent fluorescence
quenching was not observed for samples preincubated in the presence of 5 µM
concanamycin A. The initial rate of MgATP-dependent fluorescence quenching was
determined by linear regression analysis for each condition. Rates of fluorescence
quenching from independent experiments were normalized to the value observed for
lysosomes isolated from cells maintained in amino acids throughout the experiment (+/+).
p < 0.05: +/+ vs -/-, -Glu, -Pro, -Ser, -Thr. The number of independent trials is shown as
n and the error bars represent standard error; B. Quantification of V-ATPase assembly in
HEK293T cells maintained in amino acids (+/+), starved of amino acids (-/-), or starved
of the indicated amino acids (-Xxx) for 65 minutes was performed as previously described.
p < 0.05: +/+ vs -/-. The number of independent trials is shown as n and the error bars
represent standard error.
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3.4 The role of amino acid-induced V‑ATPase assembly changes in
activation of mTORC1
The V‑ATPase has previously been shown to be important in amino aciddependent regulation of mTORC1 activity (Zoncu et al., 2011). We therefore wished to
compare amino acid-dependent changes in V‑ATPase assembly and amino aciddependent activation of mTORC1. We first confirmed that amino acid depletion reduced
and amino acid readdition stimulated mTORC1 activity by measuring phosphorylation of
p70 S6 kinase, a major downstream target of mTORC1 (J. Chung et al., 1992), by Western
blot using a phospho-p70 S6 kinase antibody. As shown in Figure 3.22A, S6 kinase
phosphorylation was abolished after amino acid depletion and was restored following
amino acid readdition. We next measured the time course of amino acid-dependent
changes in mTORC1 activity. As shown in Figure 3.22B, loss of S6 kinase phosphorylation
was detectable at 5 minutes and nearly complete after 15 minutes of amino acid depletion.

Figure 3.22 Regulation of mTORC1 by amino acids.
A. HEK293T cells were maintained in amino acids for 65 minutes (+/+), starved of amino
acids for 65 minutes (-/-), or starved of amino acids for 50 minutes followed by a
readdition of amino acids for 15-minutes (-/+). Cell homogenates were prepared,
subjected to SDS-PAGE, and Western blotting was performed using antibodies against S6
kinase or phospho-T389-S6 kinase, as indicated.; B. HEK293T cells were maintained in
amino acids (+/+) or deprived of amino acids for the indicated times followed by
measurement of phospho-S6 kinase levels, as described in A.
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Comparison with the time course of amino acid-dependent changes in V‑ATPasedependent proton transport (Figure 3.4) suggests that if increased activity and assembly
of the V‑ATPase are necessary for inactivation of mTORC1, only a modest fractional
change in assembly is required.
As previously reported, concanamycin A significantly inhibits amino acid-induced
S6 kinase phosphorylation (Zoncu et al., 2011) (Figure 3.23). We hypothesized that an
increase

in

assembly

would signal amino acid
starvation,

and

that

concanamycin would shift
the pump to a more
assembled state, as was
observed in yeast, and
thus

inhibit

However,

mTORC1.
while

concanamycin treatment
precludes

changes

Figure 3.23 Amino acid-induced mTORC1 activity in
the presence of concanamycin A.
HEK293T cells were subjected to amino acid starvation
and stimulation as described in 3.22A in the absence
(DMSO) or presence of 5 µM concanamycin A, as
indicated.

in

assembly, assembly is kept at baseline levels and not increased (Figure 3.6). This therefore
demonstrates that increasing V-ATPase assembly is not the mechanism by which
concanamycin A inhibits mTORC1.
Basal and amino acid-dependent changes in mTORC1 activity are blocked by PI3K
inhibition and rapamycin (Figure 3.24A and B). We observed that changes in assembly
and activity occurred in the presence of these inhibitors (Figures 3.6 and 3.8),
underscoring that V‑ATPase assembly and mTORC1 activation are not coupled.
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Figure 3.24 Amino acid-induced mTORC1 activity in the presence of LY294002
and rapamycin.
HEK293T cells were subjected to amino acid starvation and stimulation as described
in 3.22A in the absence (DMSO) or presence of (A) 50 µM LY294002 or (B)
2 nM rapamycin.
Surprisingly, neutralization of the lysosomal compartment with chloroquine does
not inhibit basal mTORC1 activity but inhibits mTORC1 reactivation by amino acid
stimulation after starvation (Figure 3.25). Because the V‑ATPase is highly assembled in
the presence of chloroquine regardless of amino acid availability (Figure 3.6), these results
again suggest that mTORC1 signaling is independent of V‑ATPase assembly.

Figure 3.25 Amino acid-induced mTORC1 activity in the presence of
chloroquine.
HEK293T cells were subjected to amino acid starvation and stimulation as
described in 3.22A in the absence (PBS) or presence of 100 µM chloroquine, as
indicated.
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Full activation of mTORC1 requires all amino acids and starvation of individual
amino acids variably inhibits mTORC1 (Figure 3.26) (K. Hara et al., 1998). A comparison
of effects of starvation of individual amino acids on V‑ATPase activity and assembly
(Figure 3.21) with effects on mTORC1 activity does not show a consistent correlation.

Figure 3.26 Sensitivity of mTORC1 to starvation of individual amino acids.
HEK293T cells were maintained in amino acids for 65 minutes (+/+), starved of
amino acids for 65 minutes (-/-), or starved of individual amino acids (-Xxx) for
65 minutes and before lysates were prepared and assessed by Western blotting
for mTORC1 activity.
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Chapter 4: AMPK is required for inhibition of mTORC1
by V‑ATPase inhibition
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4.1 Rationale
mTORC1 serves as a central node of cellular homeostasis, coordinating signals
from growth factors with cellular nutrient and energy availability (Efeyan et al., 2015).
Amino acids are required for full activation of mTORC1 by any stimulus (K. Hara et al.,
1998). In the presence of amino acids, mTORC1 is recruited to the lysosomal surface by
the Rag GTPases, where a pool of Rheb, its direct activator which is controlled by growth
factor and hormone inputs, is localized (Sancak et al., 2008). This relocalization of
mTORC1 establishes a coincidence detector, that is, it allows the cell to coordinate
availability of cellular resources necessary to grow with a stimulus to do so.
In addition to the Rag GTPases, recent work has identified critical components
required to activate mTORC1 in response to amino acids, including the V‑ATPase (Zoncu
et al., 2011; Powis & De Virgilio, 2016). The V‑ATPase is an ATP-driven proton pump
(Cotter, Stransky et al., 2015). In the lysosome, this action generates the acidic pH
necessary for lysosomal function. With regard to mTORC1, the V‑ATPase associates with
the lysosome-localized amino acid sensing machinery, specifically the Ragulator complex,
in an amino acid-dependent manner (Zoncu et al., 2011). Additionally, it is itself regulated
by amino acid abundance, as discussed in Chapter 3 and Stransky & Forgac, 2015 .
However, regulation of the V‑ATPase by amino acids is likely unrelated to subsequent
signaling to mTORC1 as V‑ATPase and mTORC1 activity are rarely correlated (See chapter
3 and Stransky & Forgac, 2015). The mechanism of V‑ATPase participation in amino acid
sensing and mTORC1 activation is unknown and remains a significant question in the
field.
AMP-activated protein kinase (AMPK) is an important negative regulator of
mTORC1 in response to energy stress (Hardie, 2014). Phosphorylation of TSC2 by AMPK
activates the TSC complex, which negatively regulates Rheb (Inoki et al., 2006). Therefore,

68

activation of the TSC complex by AMPK inactivates mTORC1. In addition, AMPK also
phosphorylates Raptor, a critical component of mTORC1, which also leads to inactivation
of the complex (Gwinn et al., 2008). The V‑ATPase:Ragulator complex has been reported
to be important for lysosomal recruitment and activation of AMPK in response to glucose
deprivation (C.-S. Zhang et al., 2014), and treatment with V‑ATPase inhibitors activates
AMPK (von Schwarzenberg et al., 2013; C.-S. Zhang et al., 2014). Here, we confirm that
inhibition of the V‑ATPase activates AMPK.
We hypothesized that AMPK activation by V‑ATPase inhibitor treatment could
account for repression of mTORC1 activity by these agents. We find that combined
inhibition of AMPK and the V‑ATPase is sufficient to rescue mTORC1 activity, indicating
that V‑ATPase regulates mTORC1 via activation of AMPK. Further supporting this
finding, inhibition of mTORC1 by V‑ATPase inhibition does not occur in cells lacking
functional LKB1 (a major positive regulator of AMPK), which are unable to fully activate
AMPK. AMPK inhibition does not rescue mTORC1 signaling from amino acid starvation,
demonstrating that V-ATPase inhibition and amino acid starvation repress mTORC1 by
unique mechanisms.

4.2 V‑ATPase inhibition activates AMPK
We observe that treatment of HEK293T cells with the specific V‑ATPase inhibitor
concanamycin A activates AMPK. Increasing doses of concanamycin A lead to increasing
phosphorylation of AMPK substrates, including Acetyl CoA Carboxylase (ACC) at serine
79 and Raptor at serine 792 (Figure 4.1A). This increased activity is inversely proportional
to the decrease in mTORC1-dependent phosphorylation of S6 kinase (S6K) at threonine
389 caused by concanamycin A treatment (Chapter 3 and Zoncu et.al., 2011; Stransky and
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Figure 4.1 Concanamycin A activates AMPK activity.
A. HEK293T cells were treated with increasing doses of the specific V-ATPase
inhibitor concanamycin A for one hour. Whole cell lysates were collected after
treatment and subjected to Western blotting for the indicated proteins as described
in the materials and methods section. Phosphorylations of ACC at serine 79 and
Raptor at serine 792 (lower band) are indicative of AMPK kinase activity.
Phosphorylation of S6K at threonine 389 is mTORC1 dependent. B. phospho-ACC
and phospho-S6K Western blot signals were quantified for three independent
experiments performed as described in (A). Values were normalized to the signal in
the absence of concanamycin A for each experiment. Points represent the mean
normalized intensity. Error bars represent the standard error.
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Forgac, 2015) (Figures 4.1A and B). Indeed, phosphorylations of ACC and S6K are
significantly anticorrelated (R2 = 0.9735, p = 0.0003) (Figure 4.1B).
V‑ATPase inhibition disrupts lysosomal pH maintenance. We thus tested if
neutralization of acidic cellular compartments by alternate means would recapitulate the
activation of AMPK. HEK293T cells were treated with increasing concentrations of the
weak base chloroquine to neutralize lysosomes (Figure 3.20). Chloroquine treatment did
not cause activation of AMPK (Figure 4.2). Therefore, it is clear that activation of AMPK
by concanamycin is not due to disruption of the lysosomal pH gradient.

Figure 4.2 Lysosomal neutralization does not activate AMPK.
HEK293T cells were treated with increasing doses of chloroquine for one
hour. Whole cell lysates were collected after treatment and subjected to
Western blotting for the indicated proteins as described in the materials and
methods section. Phosphorylations of ACC at serine 79, Raptor at serine 792
(top band is non-specific; lower molecular weight species is phosphorylated
Raptor), and TSC2 at serine 1387 are indicative of AMPK kinase activity.
Phosphorylation of S6K at threonine 389 is mTORC1-dependent.
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4.3 Inhibition of AMPK rescues mTORC1 activity from V‑ATPase
inhibition
AMPK is a major negative regulator of mTORC1 activity. We thus hypothesized
that activation of AMPK is responsible for inhibition of mTORC1 by concanamycin A. We
treated HEK293T cells with increasing doses of dorsomorphin, an AMPK inhibitor, in the
presence of 5 µM concanamycin A to determine a dose able to counteract activation of
AMPK by concanamycin A. Inhibition of AMPK activity was observed, although no dose
was completely able to reverse increased phosphorylation of ACC (Figure 4.3). We also
observed a dose-dependent rescue of mTORC1-dependent phosphorylation of S6K (Figure
4.3). We selected 5 µM dorsomorphin for further experiments as this inhibited AMPK
without provoking feedback upregulation of phospho-ACC and maximally rescued

Figure 4.3 AMPK inhibition rescues mTORC1 activity from
concanamycin A treatment in a dose dependent manner.
HEK293T cells were treated with increasing doses of the AMPK inhibitor
dorsomorphin in the presence of 5 µM concanamycin A for one hour.
Whole cell lysates were collected after treatment and subjected to
Western blotting for the indicated proteins as described in the materials
and methods section. Phosphorylation of ACC at serine 79 is indicative of
AMPK kinase activity. Phosphorylation of S6K at threonine 389 is
mTORC1-dependent.
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mTORC1 activity. This feedback with respect to ACC phosphorylation is also observed in
the absence of concanamycin A (Figure 3.10).
AMPK inhibits mTORC1 by two phosphorylation-dependent mechanisms.
Phosphorylation of TSC2 on serine 1387 activates the TSC complex, leading to inhibition

Figure 4.4 AMPK inhibition rescues mTORC1 activity from concanamycin
A treatment.
HEK293T cells were treated with 5 µM concanamycin A or
5 mM dorsomorphin, alone or in combination, for one hour. Whole cell lysates
were collected after treatment and subjected to Western blotting for the
indicated proteins as described in the materials and methods section.
Phosphorylations of ACC at serine 79, Raptor at serine 792 (top band is nonspecific; lower molecular weight species is phosphorylated Raptor), TSC2 at
serine 1387, and AMPK at threonine 172 are indicative of AMPK kinase activity.
Phosphorylation of S6K at threonine 389 is mTORC1-dependent.
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of mTORC1 (Inoki, Zhu et al., 2003). Phosphorylation of Raptor, an integral component
of mTORC1, leads to association with 14-3-3 and inhibition of mTORC1 (Gwinn et al.,
2008). We assessed these phosphorylation events in HEK293T cells during treatment with
concanamycin A and dorsomorphin, both alone and in combination (Figure 4.4). AMPKdependent phosphorylation of TSC2 remained constant in all conditions. Intriguingly,
AMPK-dependent phosphorylation of Raptor was strongly increased in response to
concanamycin A treatment. Addition of dorsomorphin in the presence of concanamycin A
inhibited this increase, although some phosphorylation was still stimulated by
concanamycin A. This could account for the inability of dorsomorphin treatment to
completely rescue mTORC1-dependent phosphorylation of S6K (Figures 4.2A and B).
Phosphorylation of AMPKa on threonine 172 is required for its activity (Hawley et al.,
2003; Woods et al., 2003; Shaw et al., 2004). Concanamycin treatment did not alter this
phosphorylation and dorsomorphin inhibited it. Further experiments will be necessary to
determine the mechanism by which concanamycin A-induced AMPK activity inhibits
mTORC1.
mTORC1 activation requires lysosomal localization of the complex (Sancak et al.,
2008). V‑ATPase inhibition disrupts this localization, causing mTORC1 to redistribute
throughout the cytosol (Zoncu et al., 2011). We assessed mTORC1 localization in
HEK293T cells treated with concanamycin A and dorsomorphin, again alone and in
combination, to assess if dorsomorphin would also rescue mTORC1 localization (Figure
4.5). In the absence of both drugs, mTOR is localized in bright puncta throughout the cell.
As previously reported, treatment with concanamycin A causes redistribution of mTOR
throughout the cytosol. Treatment with dorsomorphin alone does not alter mTOR
localization. However, addition of dorsomorphin in the presence of concanamycin A
rescues mTOR localization and restores the punctate staining pattern observed under
untreated conditions.
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Figure 4.5 AMPK inhibition rescues mTORC1 localization to
lysosomes from concanamycin A treatment.
HEK293T cells were treated with 5 µM concanamycin A or 5 µM
dorsomorphin, alone or in combination, for one hour. After
treatment, cells were fixed with paraformaldehyde and
immunofluorescence to detect mTOR was performed as described in
the materials and methods section. mTOR-specific antibodies were
detected with Alexa468-conjugated anti-rabbit antibodies (colored
green). Nuclei are stained with DAPI (colored blue).
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Figure 4.6 Concanamycin A does not inhibit mTORC1 in AMPK-deficient cells.
A. A549 cells were treated with increasing doses of the specific V-ATPase inhibitor
concanamycin A for one hour. Whole cell lysates were collected after treatment and
subjected to Western blotting for the indicated proteins as described in the materials
and methods section. Phosphorylation of AMPK at threonine 172 is indicative of AMPK
kinase activity. Phosphorylation of S6K at threonine 389 is mTORC1-dependent.
B. H1838 (LKB1 wild-type), H1734 (LKB1 null), and A549 (LKB1 null) cells were treated
with 5 µM concanamycin A or 2 nM rapamycin, as indicated, for one hour. Whole cell
lysates were collected after treatment and subjected to Western blotting for the
indicated proteins as described. Phosphorylation of AMPK at threonine 172 is
indicative of AMPK kinase activity. Phosphorylation of S6K at threonine 389 is
mTORC1-dependent. Vinculin serves as an additional loading control.
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To further test the requirement for active AMPK in the concanamycin A-dependent
inhibition of mTORC1, we probed the biochemical response to concanamycin A in AMPKdeficient cells. LKB1 is a major activator of AMPK and is therefore a tumor suppressor
frequently lost across cancers (Hawley et al., 2003; Woods et al., 2003; Shaw et al., 2004).
We probed the ability of cells lacking LKB1, thus consequently lacking proper AMPK
activity, to inhibit mTORC1 in response to concanamycin A. mTORC1-dependent
phosphorylation of S6K was unchanged in the LKB1-null lung cancer cell line A549 treated
with increasing doses of concanamycin A (Figure 4.6A). To assess if this lack of inhibition
was related to cell lineage, we profiled two additional lung cancer cell lines differing in
their LKB1 status: H1838 (LKB1 wild type) and H1734 (LKB1 null). Concanamycin A only
inhibited mTORC1-dependent phosphorylation of S6K in cells with intact LKB1,
supporting the hypothesis that AMPK activity is required for concanamycin A to inhibit
mTORC1 (Figure 4.6B).

4.4 AMPK inhibition does not rescue mTORC1 signaling from amino
acid deprivation
The V‑ATPase is thought to be an integral part of the lysosomal amino acid sensing
machinery which is responsible for activating mTORC1 in response to amino acid
sufficiency (Zoncu et al., 2011; Efeyan et al., 2012), and concanamycin A treatments are
proposed to induce changes in the V‑ATPase that mimic the starvation-induced state
(Zoncu et al., 2011; C.-S. Zhang et al., 2014). If that were the case, we would expect that
AMPK activation would be the mechanism of mTORC1 repression during starvation. We
therefore tested if inhibition of AMPK could also rescue mTORC1 signaling from amino
acid starvation. However, AMPK inhibition was not sufficient to rescue mTORC1-
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Figure 4.7 AMPK inhibition does not rescue mTORC1 signaling from amino
acid starvation.
HEK293T cells were treated with 5 µM concanamycin A or 5 µM dorsomorphin,
alone or in combination, in the presence or absence of amino acids for one hour.
Whole cell lysates were collected after treatment and subjected to Western blotting
for the indicated proteins as described in the materials and methods section.
Phosphorylation of ACC at serine 79 is indicative of AMPK kinase activity.
Phosphorylation of S6K at threonine 389 is mTORC1-dependent

dependent phosphorylation of S6K from repression by amino acid starvation (Figure 4.7).
Further, treatment with dorsomorphin during amino acid starvation is unable to drive
relocalization of mTOR to lysosomes (Figure 4.8). These results suggest that
concanamycin A does not mimic starvation, but inactivates mTORC1 by a different
mechanism (namely the activation of AMPK).
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Figure 4.8 AMPK inhibition does not rescue mTORC1 lysosomal localization
from amino acid starvation.
HEK293T cells were treated with 5 µM dorsomorphin in the presence or absence
of amino acids for one hour. After treatment, cells were fixed with
paraformaldehyde and immunofluorescence to detect mTOR was performed as
described. mTOR-specific antibodies were detected with Alexa468-conjugated
anti-rabbit antibodies (colored green). Nuclei are stained with DAPI (colored
blue).
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Chapter 5: Discussion and Future Directions

81

The ability of cells to sense and respond to changing environmental conditions
underlies cellular homeostasis. Sensing of nutrient availability allows cells to
appropriately coordinate cellular growth and division, as well as nutrient uptake,
biosynthesis, and recycling. This work sought to expand our knowledge of molecular
mechanisms of amino acid sensing and homeostasis, which is fundamental to cellular
physiology.

5.1 Amino acids are novel regulators of the V‑ATPase

Amino acid starvation increases V‑ATPase assembly
The V‑ATPase has emerged as an important component of cellular metabolic
signaling and sensing. It was previously shown to be regulated by glucose levels in yeast
and mammalian cells (Kane, 1995; Sautin et al., 2005; Marjuki et al., 2011; Kohio &
Adamson, 2013). It is also known that V‑ATPase function enables amino acid sensing and
subsequent activation of mTORC1 during amino acid sufficiency (Zoncu et al., 2011). The
V‑ATPase directly interacts with the Ragulator complex on the lysosomal surface in an
amino acid-dependent manner. We thus hypothesized that amino acids may regulate
reversible assembly of the V‑ATPase, an important mode of control of the enzyme’s
activity. Because cells deprived of amino acids increase protein degradation in lysosomes
in order to restore amino acid levels (Blommaart et al., 1993), we hypothesized that amino
acid withdrawal would increase pump assembly, thus lowering lysosomal pH and
increasing lysosomal protein degradation. Coupling mTORC1 activation to this change in
V‑ATPase assembly could allow coordination of cellular growth, as controlled by
mTORC1, with the presence of sufficient nutrients to sustain appropriate expansion.
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To directly address our hypothesis, we measured V‑ATPase assembly by cell
fractionation and Western blotting to determine the cellular distribution of the V1 domain
during amino acid sufficiency and starvation. We observed that V‑ATPase assembly
increases upon amino acid starvation, an effect that is reversed upon amino acid
readdition, indicating that this change is indeed due to alteration of the equilibrium
between assembled and disassembled pumps (Figure 5.1). It is important to note that
during cell lysis to facilitate fractionation of membrane and cytosolic cellular components,
intact pumps may be disrupted, leading to an increased amount of V1 in the cytosolic
fractions. Thus, this method may lead to an underestimation of the absolute number of
assembled pumps in vivo. Nevertheless, we observe a clear difference in the relative
amount of assembled pumps between the amino acid sufficient and starved states. We also
observed that V‑ATPase-dependent proton pumping in lysosomes is increased after
amino acid starvation and decreased upon subsequent readdition, indicating that the
newly assembled pumps are catalytically active and that at least part of the observed
change in V‑ATPase assembly occurs on lysosomes, the site of mTORC1 recruitment and

Figure 5.1 Amino acids are novel regulators of V-ATPase assembly.
Changes in assembly in response to changes in amino acid levels are independent of
PI3K and mTORC1 activity but do depend upon the luminal pH and the catalytic activity
of the V-ATPase. PKA and AMPK may also promote assembly. V1 subunits are depicted
in green, V0 subunits in blue.
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activation. The increase in relative activity, as measured by the rate of initial quenching, is
somewhat smaller than the change in relative assembly, which could indicate that not all
the newly assembled pumps are active. However, we do not know whether there is a oneto-one relationship between changes in V‑ATPase assembly and activity as measured by
the methods employed, and therefore cannot exclude the possibility that all the newly
assembled pumps are indeed catalytically active.

Regulation of amino acid-dependent changes in V‑ATPase assembly and
activity
The biochemical signaling pathways which control reversible assembly of the
V‑ATPase are incompletely understood. The system is best studied in yeast in the context
of glucose starvation, which causes pump disassembly (Kane, 1995; Parra & Kane, 1998).
Inhibiting V‑ATPase activity blocks glucose starvation-induced disassembly in yeast
(Parra & Kane, 1998). We tested the effect of V‑ATPase inhibition on the amino acid
starvation-induced increase in assembly, and found that concanamycin A greatly
diminishes this effect. Interestingly, unlike the situation in yeast, inhibition of V‑ATPase
activity in HEK293T cells does not shift the equilibrium to an assembled state of the pump.
When the lysosome is neutralized by chloroquine treatment, V‑ATPase assembly
is elevated independent of amino acids. This result is consistent with regulation of glucosedependent assembly in yeast, where vacuolar neutralization by chloroquine blocks glucose
starvation-induced disassembly (Shao & Forgac, 2004). Increased lysosomal pH may
interfere with the binding of amino acids to their lysosomal sensors, or it could be that the
influence of luminal pH on assembly overrides any amino acid-regulated signal and
becomes the primary determinant of V‑ATPase assembly. Cells have stringent

84

requirements for pH regulation, and therefore may prioritize processes to counteract
lysosomal neutralization.
PI3K has been shown to promote V‑ATPase assembly in a number of mammalian
systems, including glucose-dependent increases observed in cell lines (Sautin et al., 2005;
Marjuki et al., 2011; Kohio & Adamson, 2013), increases during dendritic cell maturation
(Liberman et al., 2014), and increased assembly following influenza infection (Marjuki et
al., 2011). While inhibiting PI3K causes a modest decrease in pump assembly and activity,
PI3K inhibition has no effect on pump assembly in response to amino acids, indicating
that amino acids control V‑ATPase assembly by a pathway that is independent of PI3K.
We also tested the involvement of mTORC1, which is a critical downstream effector of
PI3K. While mTORC1 inhibition decreases baseline assembly, the fold increase in
assembly observed upon amino acid starvation is unaffected. Thus, unlike previously
characterized assembly changes in mammalian cells, amino acid-dependent changes in
V‑ATPase assembly are controlled independently of both PI3K and mTORC1.
AMPK coordinates the cellular response to energy stress and starvation to promote
survival (Hardie, 2011). AMPK directly phosphorylates the A subunit of the V1 domain
(Alzamora et al., 2013) and AMPK activation reduces proton transport across the plasma
membrane of renal and epididymal cells (Hallows et al., 2009; Gong et al., 2010; Alzamora
et al., 2013; Al-bataineh et al., 2014). We find that treatment with the AMPK inhibitor
dorsomorphin reduces lysosomal V‑ATPase activity by approximately 50% under all
conditions tested and blocks amino acid-induced changes. At first glance, this seems to
conflict previously reported results that AMPK is a negative regulator of the V‑ATPase.
However, previous studies assessed proton extrusion out of cells, whereas we assessed
V‑ATPase activity in lysosomes. AMPK-dependent phosphorylation of subunit A caused
exclusion of V1 from the plasma membrane. If AMPK activity promotes trafficking of
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V‑ATPases to the lysosomal compartment, then it follows that inhibiting AMPK would
decrease lysosomal proton transport. Examining cellular V‑ATPase distribution at high
resolution in conjunction with plasma membrane and lysosomal markers and surface
labeling experiments could address this topic. Decreased V‑ATPase activity could be due
to disassembly of the pump. This possibility should be directly addressed by cell
fractionation and Western blotting.
V‑ATPases in lysosomes isolated from cells starved of amino acids in the presence
of dorsomorphin do not exhibit increased activity relative to dorsomorphin-treated cells
maintained in amino acids. AMPK activity is induced by amino acid starvation (Shang et
al., 2011). It may be that AMPK plays a direct role in signaling amino acid starvation to the
V‑ATPase and increasing activity. We tested if activation of AMPK by AICAR would lead
to an increase in V‑ATPase activity in the presence of amino acids, but observed that
AICAR treatment was not sufficient to increase V‑ATPase activity. The activity of AMPK
can be controlled by its localization to the lysosome (C.-S. Zhang et al., 2014). AICAR does
not induce lysosomal localization of AXIN, which is required for activation of AMPK by
other stimuli, including glucose starvation (C.-S. Zhang et al., 2014). By not stimulating
lysosomal localization, AICAR may not induce association of AMPK with the V‑ATPase.
Assessing V‑ATPase activity after activation of AMPK by alternate means that do promote
lysosomal localization would determine if AMPK can be sufficient to increase V‑ATPase
activity. It is also possible that the effect of dorsomorphin is due to its “off-target”
inhibition of another kinase which mediates the reduction in V‑ATPase activity.
PKA is a positive regulator of V‑ATPase activity and assembly (Bond & Forgac,
2008; Rein et al., 2008; Alzamora et al., 2010). We assessed the necessity of PKA in
transducing the amino acid signal to the V‑ATPase by performing amino acid starvation
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and stimulation in the presence of two PKA inhibitors, H89 and AT13148. While these
inhibitors did not affect baseline V‑ATPase activity, the amino acid starvation-induced
increase in V‑ATPase activity was completely blocked, indicating that PKA is required for
this change to occur. This supports the hypothesis that intermediate signaling which relies
on PKA transmits signals between amino acids and the pump, rather than the V‑ATPase
acting as a direct sensor of amino acid levels.
Activation of PKA by forskolin or 8-Br-cAMP was not sufficient to increase
V‑ATPase activity in the presence of amino acids. It could be that amino acid starvation
evokes a situation in which the pump is PKA-sensitive. If that is the case, it may be that
addition of PKA activators would enhance amino acid-induced changes only during amino
acid starvation. Indeed, it has previously been shown that cAMP can increase lysosomal
proteolysis, and that amino acids antagonize this induction (Blommaart et al., 1993).
Starvation could alter PKA localization or induce conformational changes in the V‑ATPase
that make it available for signals downstream of PKA.
To determine whether starvation of particular amino acids could account for the
observed increase in V‑ATPase activity and assembly upon complete amino acid
starvation, the effect of withdrawal of individual amino acids was determined. We found
that starvation for some amino acids (arginine, isoleucine, leucine, lysine and methionine)
increased V‑ATPase activity, although withdrawal of no single amino acid fully
recapitulated the effect of total amino acid starvation. These changes in V‑ATPase activity
were largely paralleled by changes in assembly, although starvation of methionine appears
to increase activity without increasing assembly. Interestingly, starvation of several amino
acids, including aspartate, glutamate and serine, led to a decrease in V‑ATPase activity.
Again, these changes in activity were generally paralleled by changes in assembly,
although starvation of aspartate caused a decrease in activity without a change in
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assembly. These results suggest that there may be additional modes of regulation of
V‑ATPase activity in response to changes in individual amino acids, such as changes in
coupling efficiency (the number of protons pumped per unit ATP hydrolysis) or
differential association of pump regulators. Moreover, the increase in V‑ATPase assembly
and activity observed during total amino acid starvation is not merely the sum of the
independent effects of each amino acid, highlighting the complexity of the connection
between the levels of individual amino acids, V‑ATPase activity, and V‑ATPase assembly,
which will be important to explore in future studies.
Over the course of these studies, we occasionally observed that amino aciddependent changes in assembly or activity would not occur and there would be no
difference between starved and unstarved samples. This was not linked to time in culture,
and experimental samples were prepared identically. Routine testing for mycoplasma
contamination revealed that mycoplasma contaminated cultures of HEK293T cells did not
increase V‑ATPase activity during amino acid starvation relative to cells maintained in
amino acids. Mycoplasma contamination alters host physiology considerably. Expression
of hundreds of host genes is perturbed by mycoplasma, many of which are involved in
metabolism (Miller et al., 2003). Mycoplasmas compete with host cells for nutrients. Most
strains are unable to synthesize any amino acids or vitamins and so deplete host resources
(Rottem & Naot, 1998). Mycoplasma particularly rely on host arginine for the generation
of ATP (Rottem & Naot, 1998). As shown above, arginine depletion increases V‑ATPase
activity. However, even in contaminated samples where V‑ATPase activity was affected,
mTORC1 signaling was unperturbed. Many mycoplasma strains live on the cell surface.
Attachment to the cell membrane significantly disrupts membrane composition and
trafficking, which may also alter V‑ATPase activity. Contaminated cells were always
discarded as soon as they were identified and data collected from mycoplasma
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contaminated cultures was excluded from our analyses. Christina McGuire, a doctoral
student in the Forgac lab, has observed that treatment of contaminated cultures with
plasmocin, an antibiotic capable of killing mycoplasma, restores sensitivity of the
V‑ATPase to alterations in glucose concentration. Future studies of V‑ATPase assembly
and activity in cultured cells should always test for mycoplasma contamination to enable
accurate data collection and confidence in the results.

5.2 The role of the V‑ATPase in regulation of mTORC1
V‑ATPase activity is thought to be critical for mTORC1 activation, and indeed
treatment of cells with V‑ATPase inhibitors or knock down of the V‑ATPase by shRNA
inhibits amino acid-dependent mTORC1 recruitment to lysosomes and subsequent
activation (Zoncu et al., 2011). It therefore follows that the V‑ATPase is a positive regulator
of mTORC1 activity and increased V‑ATPase assembly could increase mTORC1 activity.
However, our data demonstrates that when the V‑ATPase is highly active, as during total
amino acid starvation, mTORC1 is completely inhibited. Moreover, withdrawal of certain
amino acids, including arginine, leucine and lysine, while leading to complete loss of
mTORC1 activity, nevertheless cause an increase in V‑ATPase activity. However, given the
differential associations with the Ragulator complex, we had hypothesized that amino acid
starvation would increase V‑ATPase assembly and that this increase could be a signal to
mTORC1 to turn off. We do not observe correlation between increased V‑ATPase activity
and decreased mTORC1 activity. Therefore, we conclude that regulation of the V‑ATPase
by amino acids does not affect mTORC1 activity. Further, these amino acid-dependent
changes could account for the apparent increase in Ragulator binding by V1 subunits
during amino acid starvation (Zoncu et al., 2011).
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The mechanism of V‑ATPase involvement in mTORC1 activation is therefore still
an open question. How does V‑ATPase inhibition turn mTORC1 off? It could be that there
is a conformational change in the V‑ATPase (distinct from the change in assembly) in
response to amino acids, and that concanamycin A inhibits this change. Alternately,
binding of concanamycin A to the pump may alter the interactions necessary for amino
acid sensing, hindering the activity of positive regulators or promoting activity of negative
regulators. This could be a direct effect, or a byproduct of the stress caused by
concanamycin A treatment. Although the concentration of concanamycin A required to
impact mTORC1 is somewhat higher than concentrations required to inhibit isolated
V‑ATPases, this is to be expected due to adsorption of the hydrophobic concanamycin
molecule in biological membranes and proteins present in the tissue culture setting.
Although concanamycin A has been in use for over 20 years, and its binding to the
proteolipid ring of the V0 domain is well characterized biochemically (Dröse et al., 1993;
Huss et al., 2002; Huss & Wieczorek, 2009), a high-resolution structure of concanamycin
A-bound V0 has not been resolved. Such a structure would aid in identifying the full
mechanism of concanamycin A-dependent repression of mTORC1.
It is also possible that neutralization of the lysosome by concanamycin A blocks
amino acid sensing, although previous work suggested that the proton gradient generated
by the V‑ATPase across the lysosomal membrane is dispensable for amino acid sensing
(Zoncu et al., 2011). Here, we show that while mTORC1 signaling is maintained in the
presence of chloroquine, which neutralizes the lysosomal pH, it is not reactivated by amino
acid readdition after a period of starvation. Since our observations in the presence of
concanamycin A and chloroquine are discrepant, we conclude that the effect of
concanamycin A treatment on mTORC1 does not depend on pH.
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Since the initial reports that V‑ATPase inhibition decreases mTORC1 activity
(Marino et al., 2010; Zoncu et al., 2011), several groups have found that V‑ATPase
inhibition activates AMPK (von Schwarzenberg et al., 2013; C.-S. Zhang et al., 2014),
which we confirm here. Kinase activity of AMPK is stimulated toward a subset of its
targets, such as ACC and Raptor, but not TSC2. We hypothesized that AMPK activation
could be the mechanism by which V‑ATPase inhibition leads to decreased mTORC1
activity. To test this hypothesis, we undertook several approaches to assess mTORC1
activity during treatment with concanamycin A when AMPK was inactive. When added
during concanamycin A treatment, the AMPK inhibitor dorsomorphin causes a dosedependent rescue of mTORC1-dependent phosphorylation of S6K. Additionally,
dorsomorphin treatment rescues mTOR localization to lysosomes, which is otherwise lost
upon concanamycin A treatment. Furthermore, cells without LKB1, the major activator of
AMPK, do not lose mTORC1 activity when treated with concanamycin A. These data
demonstrate the necessity of AMPK activity in concanamycin A-dependent repression of
mTORC1.
The mechanism by which AMPK is activated by concanamycin A is not fully known.
Treatment with chloroquine, which neutralizes acidic cellular compartments, does not
recapitulate the effect of concanamycin A on AMPK, demonstrating that this response is
not simply the consequence of lysosomal pH disruption. However, treatment with
V‑ATPase inhibitors is known to provoke a stress response within the cell, altering several
inputs to AMPK, all of which likely contribute to its activation. Concanamycin A treatment
lowers ATP production, the canonical stimulus for AMPK (von Schwarzenberg et al.,
2013). Further, treatment with V‑ATPase inhibitors triggers a burst of reactive oxygen
species (De Milito et al., 2010; von Schwarzenberg et al., 2013; Schempp et al., 2014),
which is also an activating stimulus for AMPK (Cardaci et al., 2012; von Schwarzenberg et

91

al., 2013). Finally, concanamycin A treatment mimics glucose starvation with respect to
lysosomal recruitment of the scaffolding protein AXIN, which facilitates LKB1 activation
of AMPK (C.-S. Zhang et al., 2014). Together, AMPK is likely activated by V‑ATPase
inhibition as a cytoprotective response.
Repression of mTORC1 by AMPK occurs through three primary routes, two of
which require the kinase activity of AMPK. AMPK can repress mTORC1 through
phosphorylation of TSC2 and/or Raptor. We observe that phosphorylation of TSC2 is
unchanged by concanamycin treatment, although this does not preclude its necessity in
the repression of mTORC1 in response to concanamycin A. Phosphorylation of Raptor is
strongly increased by concanamycin A treatment. This phosphorylation is required for
repression of mTORC1 during energy stress (Gwinn et al., 2008). While it may be that this
AMPK-dependent phosphorylation of Raptor is the mechanism by which AMPK represses
mTORC1 during concanamycin A treatment, only direct experiments testing the necessity
of Raptor and TSC2 phosphorylations will prove that to be the case.
Differential substrate preference could be facilitated by the concanamycin Ainduced lysosomal recruitment of AMPK (C.-S. Zhang et al., 2014), bringing it in close
proximity to the mTORC1 complex (e.g. Raptor), but not TSC2. Under serum-starved
conditions, the TSC complex is expected to be lysosomally localized (Menon et al., 2014;
Demetriades et al., 2016), however expression of T antigens in HEK293T cells used for
this study stimulates constitutive growth factor signaling, and TSC2 is likely not localized
to the lysosome. The third way the AMPK pathway impinges on mTORC1 activity is
repression of Ragulator GEF activity towards RagA and RagB caused by AXIN binding to
the V‑ATPase:Ragulator complex. This leads to dissociation of mTORC1 from the
lysosome and its inhibition (C.-S. Zhang et al., 2014). Concanamycin A treatment
stimulates AXIN recruitment to lysosomes (C.-S. Zhang et al., 2014).
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Given that the V‑ATPase is proposed to be part of the amino acid sensing
machinery, we tested if AMPK inhibition would also rescue mTORC1 signaling from amino
acid starvation. Dorsomorphin treatment did not rescue mTORC1 activity during amino
acid starvation. Addition of dorsomorphin during amino acid starvation did not alter the
diffuse staining pattern of an mTOR-specific antibody. Therefore, AMPK inhibition is not
sufficient to rescue from amino acid starvation. Repression of mTORC1 by amino acid
starvation was independent of AXIN (C.-S. Zhang et al., 2014). In AXIN knockout cells,
(where AMPK is not able to be activated, at least by glucose starvation) mTORC1 was still
repressed by amino acid starvation. This is consistent with the fact that AMPK is not
involved in repression of mTORC1 by amino acid starvation and highlights that amino acid
starvation-induced repression of mTORC1 does not require AMPK.
Together, these data call into question the current model of amino acid sensing,
whereby the V‑ATPase directly participates in the amino acid sufficiency signaling to
mTORC1. Rather, it seems that disruption of the V‑ATPase by chemical inhibition
activates AMPK, which then inactivates mTORC1, a relationship which is parallel to the
amino acid signal. This is consistent with a role of the V‑ATPase in responding to cellular
energy availability, but not necessarily in the sensing of amino acids. Data from previous
reports do not rule out the involvement of AMPK in inhibition of mTORC1 activity because
AMPK activity was not assessed in that work (Zoncu et al., 2011).

5.3 The physiological relevance of V‑ATPase regulation by amino
acids
The functional impact of amino acid-induced changes in V‑ATPase assembly and
activity remains an open question. We would expect that increased V‑ATPase assembly
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Figure 5.2 Amino acid-dependent changes in V-ATPase assembly
may promote lysosomal protein degradation during starvation.
and activity would lead to decreased pH of intracellular compartments, in particular the
lysosome. Lysosomal protease activation, stability, and regulation is pH-dependent (Turk
et al., 2012). Enhanced acidification may support increased protease activity and protein
breakdown, which increases during amino acid starvation (Blommaart et al., 1993).
However, lysosomes are certainly sufficiently acidic to perform proteolysis even in the
presence of amino acids. The pH dependence of each lysosomal protease is unique (BanaySchwartz et al., 1985; Werle et al., 1997; Turk et al., 2012). Decreasing lysosomal pH in
times of starvation may alter the profile of active proteases and enhance total degradative
capacity or degradation of specific substrates. Determining rates of protein degradation,
lysosomal pH, and protease activity in amino acid starved and unstarved cells would
address the role of increased V‑ATPase assembly and activity during starvation to these
processes. Enhanced acidification during starvation may also support induction of
autophagy. While autophagy is typically studied after long periods of starvation, the
signaling that controls autophagy is activated within minutes (Shang et al., 2011). Indeed,
94

Figure 5.3 Autophagy is detectable after 1 hour of amino acid
starvation.
HEK293T cells were starved of amino acids for one hour in the presence of
5 µM concanamycin A or DMSO. Whole cell lysates were collected after
treatment and subjected to Western blotting for the indicated proteins as
described in the materials and methods section. Processing of LC3 from
LC3‑I to LC3-II indicates autophagy. LC3-II can be further degraded in the
lysosome, which is inhibited in the presence of concanamycin A. Vinculin
serves as a loading control.

we can observe enhanced LC3 processing, a marker of autophagy, after one hour of amino
acid starvation (Figure 5.3), indicating that the autophagy program has been initiated
under these conditions. Establishing the role of amino acid-induced changes in V‑ATPase
assembly in the induction of autophagy will be important for future studies. It may be
useful to address these questions in a yeast system, where V‑ATPase mutants that are
deficient in assembly regulation have been identified.

5.4 Concluding remarks
This work describes the novel finding that amino acids regulate V‑ATPase
assembly and activity and addresses the regulation of this phenomenon (Figure 5.2).
Further, we address the role of the V‑ATPase in mTORC1 signaling and find that AMPK
activation is required for suppression of mTORC1 signaling upon V‑ATPase inhibition.
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These studies add to the growing body of evidence that the V‑ATPase is a central
component of the complex regulation of cellular metabolism.
These studies further expand the body of knowledge about processes of cellular
homeostasis, which is critical for cellular health and physiology. Therefore, they also
inform our understanding of pathological states where amino acid homeostasis is
disrupted, as in diseases where metabolism is profoundly disturbed, such as diabetes and
cancer.
Understanding V-ATPase regulation presents important opportunities for
controlling lysosomal function. Lysosomal activity supports cancer growth through a
number of mechanisms, and is therefore a significant target in cancer therapeutics
(Stransky et al., 2016). In cancer cachexia, tumors radically alter the metabolism of some
cancer patients, leading to huge amounts of protein breakdown in skeletal muscle to
release free amino acids for tumor uptake, which causes debilitating muscle wasting
(Argilés et al., 2014). Additionally, Ras-driven cancers rely on lysosomal protein
breakdown of endocytosed extracellular proteins to overcome the stresses of high rates of
growth and nutrient limitation in the tumor microenvironment (Commisso et al., 2013;
Palm et al., 2015). Lysosomal acidification also enables sequestration of anti-cancer agents
and drug resistance (Stransky et al., 2016). It is our hope that this work will aid in the
rational design and application of agents to modulate lysosomal function to impede these
tumor-promoting processes.
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