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Two Pore Channels (TPCs) are endolysosomal ion channels that are permeable to
sodium and calcium. Defects in TPCs have been implicated to impair vesicle trafficking,
autophagy and cell metabolism control; however, the detailed mechanism remains largely
unknown. In this study, I show that TPCs are critical for appropriate cargo delivery to the
lysosomes and deletion of either TPC1 or TPC2 leads to delayed clearance of
autophagosomes, resulting in enlarged lysosomes and accumulated contents inside the
lysosomes. Cells with both TPC deleted also exhibit 50% reduction in lysosomal amino
acids under normal culture conditions, leading to reduced homeostatic mTORC1 activation.
Glutamine is one of the most abundant amino acid in the cells. In mitochondria,
glutaminases 1 and 2 (GLS1/2) hydrolyze glutamine to glutamate, which is the precursor of
multiple metabolites, including a-ketoglutarate and glutathione. Here, I show that
ammonia generated during GLS1/2 mediated glutaminolysis regulates lysosomal pH in a
dose-dependent manner. In mouse embryonic fibroblast (MEF) cells, as well as immortal
cell lines, including L929 and HeLa cells, deprivation of total amino acids for 1 hour
increased lysosomal degradation capacity as shown by the enhanced turnover of LC3-II and
endocytosed DQ-BSA. Removal of glutamine, but not any other amino acids, from the
medium recapitulated the enhancement of lysosomal degradation. This lysosomal
degradation boost is likely due to the increased lysosomal acidification, as lysosomal pH in
MEF and L929 cells is at least ~0.5 unit lower in glutamine-free medium than in complete
medium. Addition of glutamine to glutamine-deprived L929 cells elevated lysosomal pH
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from 4.7 to 5.5 within 90 seconds, which was dramatically attenuated by inhibiting GLS1 or
using ammonia scavengers. In MEF cells, mTORC1 activity did not drop immediately in
response to amino acid starvation; however, this delay period was markedly shortened by
supplementing the amino acid-starved cells with glutamine or treatment with NH4Cl,
revealing the importance of accelerated lysosomal degradation in the sustention of
mTORC1 activity immediately following starvation.
Together, my study demonstrated Na+ and NH3 as regulators of lysosomal ionic and
metabolomic homeostasis. These findings unravel TPCs and glutamine as novel regulators
of mTORC1 and lysosomal degradation function.
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Chapter 1

General Introduction

1. Lysosomes as essential organelles for cellular functions and signaling
Lysosomes are the principal degradation compartments in the cells. The degradation
function of lysosomes serves two main purposes: 1) to degrade internalized materials, including
pathogens and signaling molecules such as epidermal growth factor (EGF) [Sigismund et al.,
2008]; 2) to degrade unwanted intracellular materials as a part of the autophagy pathway
[Mizushima, 2007]. To serve these purposes, efficient cargo delivery to lysosomes and prompt
digestion are essential. Lysosomes maintain an acidic environment of pH 4.5~5.0 to facilitate
functions of ~60 digestive enzymes to degrade intracellular components via autophagy or
internalized material through endocytosis [Xiong and Zhu, 2016]. Failed lysosomal degradation
function, due to either deficiencies of hydrolases or cargo delivery to the lysosomes, often leads
to lysosomal storage disorders (LSDs), categorized as a class of diseases with accumulation of
incompletely digested lipids that leads to enlarged endolysosomal vesicles and dysfunctional
endolysosomes [Platt et al., 2012].
In addition to the degradation function, recent studies also revealed roles of lysosomes
in metabolic control and Ca2+ signaling (Fig 1). mTORC1, mechanistic target of rapamycin
complex 1, is located on the membrane of the lysosomes and senses the abundance of various
nutrients from both cytosol and lysosomal lumen [Condon et al., 2019]. Various Ca2+ permeable
ion channels, such as transient receptor potential mucolipins (TRPMLs), Two Pore Channels
(TPCs) and voltage-gated calcium channels (VGCCs) have been found to reside in the
lysosomal membrane to mediate Ca2+ efflux from the lysosomes. Besides, transcriptional control
of Transcription Factor EB (TFEB) and calcineurin are governed by mTORC1 activity and
lysosomal Ca2+ release [Sardiello et al., 2009; Settembre et al., 2012; Medina et al., 2015]. It is
interesting that mTORC1 and Ca2+ have a reciprocal regulation as TPCs are under control of
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mTORC1 while mTORC1 activation requires lysosomal Ca2+ release [Wong et al, 2012; Lin et
al., 2015; Yang et al, 2019].

TFEB

Growth
Control

Lysosome Biogenesis
Autophagy machinery
TFEB

mTORC1

P
Ca2+

AA

Amino
Acids AA

lysosome exocytosis

Cholesterol
Ca2+

AA AA AA

TRPMLs
TPCs

Vesicle
Fusion

Hydrolases
Endosome

Protein
pH 4.6
Autophagosome

Figure 1 Overview of Lysosomal signaling. Lysosomes are acidic organelles that contain hydrolases to
degrade proteins and other macromolecules into building blocks such as amino acids and lipids.
Lysosomal luminal metabolites, such as amino acids and cholesterol are required for mTORC1 activation.
Activated mTORC1 promotes growth and inhibits autophagy. Meanwhile, lysosomes also contain
substantial Ca2+, which can be released via Ca2+ permeable ion channels, such as TPCs and TRPMLs to
facilitate autophagy biogenesis, lysosomal fusion with autophagosomes and endosomes and lysosome
exocytosis.
2. Regulation of lysosomal functions by ion channels and transporters
Lysosomal lumens contain a pool of various ions, including H+, Na+, K+, Ca2+, Cl-, Fe2+,
Zn2+, each of which serves exclusive and crucial physiological functions. For example, H+ is
essential for maintenance of the lysosomal digestive enzyme activity [Mindell, 2012], Ca2+ is
important for vesicle trafficking and mTORC1 activation [Wong et al., 2012], Na+ regulates
lysosomal morphology [Freeman et al., 2020] and is a required for the function of some
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lysosomal transporters, such as SLC38 family transporters [Mackenzie and Erickson, 2004;
Wang et al., 2015], K+ regulates the lysosomal membrane potential as well as lysosomal
calcium signaling and homeostasis [Cang et al., 2015; Cao et al., 2015b; Wang et al., 2017], Clserves as a counterion to regulate lysosomal membrane potential and, to some extent, facilitate
the acidification of lysosome lumen [Graves et al., 2008; Kasper et al., 2005; Lange et al., 2006;
Nicoli et al., 2019], Fe2+ catalyzes the hydrolysis of H2O2 and produces reactive oxygen species
[Dixon et al., 2012], and Zn2+ is a trace element that serves as an essential coenzyme for about
300 proteins [Tapiero and Tew, 2003].
The ionic movement across the lysosomal membrane is regulated by a set of ion
channels and transporters. To date, for each type of the ions described above, at least one
corresponding conductive channel/transporter has been identified [Beyenbach and Wieczorek,
2006; Cang et al., 2015; Cao et al., 2015a; Cao et al., 2015b; Graves et al., 2008; Ishibashi et
al., 2000; Kasper et al., 2005; Lange et al., 2006; Sun et al., 2000; Venkatachalam et al., 2006],
and for some ions, multiple channels/transporters have been shown to be responsible for their
transportation across the membrane (Fig 2). For example, TRPML proteins form non-selective
cation channels that reside on endolysosomal membranes and are permeable to multiple types
of positively charged ions, i. e. cations [Dong et al., 2008; Eichelsdoerfer et al., 2010; Feng et
al., 2014], Two Pore Channels, or TPCs, conduct Na+ and Ca2+ release from endolysosomes
[Arredouani et al., 2015; Cang et al., 2013; Lin et al., 2015; Raus et al., 2010; Sakurai et al.,
2015; Wang et al., 2012], and ClC-7 serves to transport Cl- across lysosomal membranes
[Graves et al., 2008; Kasper et al., 2005; Lange et al., 2006]. More recently, the large
conductance Ca2+-activated K+ (BK) channel, previously only known to work on the plasma
membrane and mitochondria [Xu et al., 2002], was found to reside and function on
endolysosomal membranes of several different cell types, especially nonexcitable cells that
were not known to possess functional BK channels [Cao et al., 2015b; Wang et al., 2017].
Remarkably, BK is unlikely the only K+ channel type present on these acidic organelles. A
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transmembrane protein, TMEM175, has been reported to form a novel lysosomal K+ channel in
endolysosomes [Cang et al., 2015].

V-ATPase
Ca2+, Fe2+,
Fe3+, Zn2+, etc

BK
TMEM175

H+

ClC-6
ClC-7

K+
2

H+

TRPMLs
P2X4
Ca2+

[Ca2+] = 500 µM

Cl-

[Na+] = 100 mM

VGCC

[K+] = 10 mM
[Cl-] = 60 mM

Putative
Ca2+ Pump

pH 4.6

Ca2+
Na+

SLC38A7
SLC38A9

H+, Na+, Ca2+
Na+

TPCs
Na+/H+ antiporter
NHE3, NHE5, NHE6, NHE9
H+

amino
acids

Figure 2 Overview of lysosomal Ion channels and ion transporters on the lysosomal membrane. Both
identified and putative players are included. Arrows indicate the direction of ion fluxes. V-ATPase is the
proton pump that acidifies lysosome. Confirmed lysosomal channels and transporters include nonselective cation channels (TRPML and P2X4), voltage-gated Ca2+ channels (VGCC), two-pore channels
(TPC) that are permeable to H+, Ca2+, and Na+, SLC38 transporters that co-transport Na+ and amino acids
(SLC38A7 and SLC38A9), ClC transporters that exchange cytosolic Cl- for lysosomal H+ (ClC-6 and ClC-7),
and K+ channels (BK and TMEM175). Putative lysosomal ion transporters include Na+/H+ exchangers
(NHE3, NHE5 and NHE6) and a Ca2+ pump or Ca2+/H+ exchanger that mediates lysosomal uptake of Ca2+
from the cytosol. Concentrations of lysosomal ions are listed in the center of the figure (referred to Li et
al., 2019).
For a given ionic type, the amount of ionic flow is determined by the permeability of the
channels to that ion and the driving force governed by the electrochemical gradients. It should
be reminded that a typical lysosome has ~50-fold higher surface/ volume ratio than a regular
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cell, assuming the diameters of 0.2 and 10 μm for the lysosome and cell, respectively, and both
being perfect spheres. This means a more dramatic change in the composition of an ion in the
lysosomal lumen upon changes of its permeability, e. g. opening or closing of a channel that
conducts such ions. This change in ion concentrations will lead to a marked change in
membrane potential and in turn alterations in the driving forces, and perhaps even the
permeability, if the affected conductance is voltage sensitive, to other ions. Therefore, it is not
surprising that ion channels of the endolysosomal membrane can directly or indirectly affect the
activities of each other. As a result, the lysosomal membrane potential may also change
drastically, swinging perhaps even a broader range than that typically found on the plasma
membrane of excitable cells. Therefore, lysosomal ion channels should be under stringent
regulation [Calcraft et al., 2009; Cang et al., 2013; Dong et al., 2010; Wang et al., 2012] and ion
transporters and pumps should be in place to help maintain the ion homeostasis across the
lysosomal membranes. Furthermore, ion channels and transporters of the same lysosome
share the same membrane potential and ionic pool. In case of TRPML1 and BK channels, the
opening of TRPML1 provides the Ca2+ signal and membrane depolarization for the activation of
BK, which in turn helps maintain the driving force through K+ influx to support sustained
TRPML1 activity. This functional coupling promotes the clearance of lysosome storages in cells
derived from Niemann-Pick C1 patients [Cao et al., 2015b].
The activity of one channel or transporter likely affects that of other channels or
transporters situated on the same membrane. Thus, the functional interplay is common and
cellular defects associated with lysosome channel dysfunction also tend to be similar. These
include alterations in lysosomal pH [Cang et al., 2015; Graves et al., 2008; Kasper et al., 2005;
Lange et al., 2006; Lin et al., 2015], endocytic vesicle trafficking [Wong et al., 2012], autophagy,
substance degradation and lysosome exocytosis [Medina et al., 2015; Wong et al., 2012].
Indeed, defects in most lysosomal ion channels and transporters result in LSDs just like that in
glycosidases and sulfatases. Therefore, lysosomal ion channels and transporters play critical
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roles in maintaining proper lysosomal functions essential for cell survival. Ion channel
dysfunction can be a major and common cause of pathogenesis in LSDs. As such, lysosomal
ion channels may be potential therapeutic targets for many forms of LSDs [Bonam et al., 2019].

3. Two Pore Channels as regulators of endolysosomal function and cell metabolism
Two Pore Channels (TPCs) are Na+ and Ca2+ permeable ion channels. In mouse and
human, there are two subtypes of TPCs, TPC1 and TPC2; while in some other mammals, such
as dogs and horses there is a third TPC, TPC3 [Xiong and Zhu, 2016]. TPCs are activated by
their endogenous agonist nicotinic acid adenine dinucleotide phosphate (NAADP) and
phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) and inhibited by mTORC1 [Calcraft et al.,
2009; Cang et al., 2013; Ogunbayo et al., 2018]. Albeit mTORC1 was demonstrated to inhibit
TPCs, recent study showed a possible role of TPCs in supporting mTORC1 activation during
both fed and starved conditions [Lin et al., 2015]; however, the mechanism for this is not clearly
defined.
Na+ probably represents the main cation inside the lysosomes [Wang et al., 2012]. There
are at least two main functions for Na+ in the lysosomes: 1) to regulate lysosomal membrane
potential; 2) to functionally couple to certain Na+-dependent amino acid transporters. Lysosomal
membrane potential, herein defined as Δψ = ψcytosol-ψlysosome, is determined by the concentration
gradients of all ions between the lysosomal lumen and the cytosol and the relative
permeabilities of the lysosomal membrane to these ions. Cation uptake into the lysosome will
make the lysosomal membrane potential more negative, i.e. hyperpolarize it, which might
counter the pumping action of vacuolar-type ATPase (V-ATPase) for lysosome acidification
(Koivusalo et al., 2011). Therefore, excess Na+ in the lumen might hinder lysosomal acidification
and as such, the activity of Na+-permeable channels can have a significant impact on lysosome
pH regulation. Results from studying lysosomal pH of cells from mice lacking the Na+-permeable
TPC1 and TPC2 channels support this idea. In one case, macrophages isolated from mice
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deficient in both TPCs exhibited elevated lysosomal pH during starvation [Cang et al., 2013]. In
another study, primary skeletal muscle cells isolated from TPC2 knockout mice cultured under
fed conditions showed elevated median lysosomal pH by 0.5 unit [Lin et al., 2015]. By contrast,
mouse embryonic fibroblast (MEF) cells isolated from an independently-generated TPC2
knockout mouse line did not display a change in lysosomal pH, even under starved conditions
[Grimm et al., 2014]. Therefore, whether the Na+-permeant TPCs can contribute to lysosomal
pH regulation is still in controversy.
To date, two members of the SLC38 family of sodium-dependent neutral amino acid
transporters (SNAT), SLC38A7 (SANT7) and SLC38A9 (SNAT9), have been shown to localize
on the lysosomal membranes [Hägglund et al., 2011; Chapel et al., 2013 ; Jung et al., 2015;
Rebsamen et al., 2015; Wang et al., 2015]. These proteins typically function as Na+-dependent
amino acid transporters. Of the eleven members in the SNAT family, four are not well
characterized. Therefore, it is possible that more SNAT transporter subtypes are lysosomelocalized. SNAT1-5 are either amino acid-Na+ symporter or amino acid-Na+ symporter / H+
antiporter [Bröer, 2014]. While detailed functional characterization of SNAT7 and SNAT9 is
largely lacking, the activity of SNAT7 and SNAT9 has been shown to be Na+ dependent
[Hägglund et al., 2011; Rebsamen et al., 2015]. Amino acid transporters not only export the
newly generated amino acids produced from lysosomal digestion to the cytoplasm, but also help
regulate amino acid levels inside the lysosomal lumen. The latter function is crucial for the
regulation of mTORC1 [Zoncu et al., 2011].
Given that amino acid sensing by mTORC1 origins from the lumen of lysosomes, it
should be interesting to note a functional interplay among mTORC1, TPCs and SNAT7/9 during
autophagy, where Na+ efflux via TPCs suppresses the Na+-dependent transport of amino acids
through SNAT7/9. This allows accumulation of amino acids, especially arginine, in the
lysosomal lumen during early hours of autophagy until they reach the level to trigger mTORC1
reactivation [Jung et al., 2015; Rebsamen et al., 2015; Wang et al., 2015]. The activated
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mTORC1 then inhibits TPCs, presumably by phosphorylation [Kintzer and Stroud, 2016],
allowing the buildup of luminal Na+ content presumably from combined actions of V-ATPase and
Na+/H+ exchangers (NHEs), which then facilitates amino acid export to support anabolic
activities. Therefore, the dynamic regulation of Na+ fluxes across the lysosomal membrane is
important for not only lysosomal membrane potential but also Na+-dependent solute transport
that strongly influences cell metabolism. Supporting this argument, the skeletal muscle from
mice deficient in TPC2 exhibited reduced level of phosphorylated mTOR level and mTORC1regulated activities, as well as delayed autophagy termination [Lin et al., 2015]. In mice that
lacked both TPC1 and TPC2, amino acid homeostasis in blood circulation was also disrupted
following food deprivation [Cang et al., 2013].
On the other hand, as a component of mTORC1, TPCs are inhibited by mTOR. Upon
nutrient deprivation, this inhibition is relieved, allowing TPC1 and TPC2 to become active. As
already described, the activation of TPCs is critical for maintaining proper lysosomal pH during
starvation [Cang et al., 2013] and dissipating the luminal Na+ during the early hours of
autophagy to allow amino acid buildup in the lysosomal lumen for subsequent mTORC1
reactivation, which represents an important step of autophagy termination [Yu et al., 2010]. In
this context, TPCs, mTORC1 and SNAT7/9 coordinate to regulate the lysosomal luminal amino
acids to tune mTORC1 activity and steer cellular metabolism.

4. Metabolomic profiling of lysosomes and other organelles provides a panoramic
horizon to appreciate the spatial-temporal regulation of cell metabolism
Eukaryotic cells are compartmentalized into distinct membrane-enclosed organelles.
Each organelle carries hundreds to thousands of proteins, lipids, and metabolites, and performs
a unique set of cellular functions. For example, lysosomes are the major degradation
compartments responsible for the clearance of unnecessary materials inside the cells, as
described before. Mitochondria are the major organelles for ATP generation to support cellular
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synthetic pathways [Chandel, 2014]. Peroxisomes are the primary vesicles that catabolize longchain fatty acids and regulate the balance of oxidization [Lodhi and Semenkovich, 2014; Smith
and Aitchison, 2013]. In addition to their well-known classic functions, recent studies have also
revealed that some organelles are directly involved in cell signaling. For example, mTORC1 is
recruited to and activated on the lysosomal surface by sensing the abundance of nutrients in the
lumen, such as amino acids and cholesterol [Castellano et al., 2017; Zoncu et al., 2011].
Similarly, mitochondria can also function as a signaling organelle [Chandel, 2014]. For example,
cytochrome C released from the mitochondria initiates cell death [Bhola and Letai, 2016; Burke,
2017; Liu et al., 1996]. Another example is that A-kinase-anchoring proteins (AKAPs) anchor
and regulate the activities of protein kinase A and other signaling enzymes on the outer
membrane of mitochondria [Chandel, 2014; Esseltine and Scott, 2013].
With rapid technical advancements, profiling the global levels of RNAs, proteins, lipids,
and metabolites has become common in current biomedical research. However, most of these
large-scale profiling studies do not provide spatial information [Uhlen et al., 2015], and thus
cannot explain how different organelles regulate their highly compartmentalized cellular
functions. The ability of measuring the compositions of specific organellar populations and their
changes in response to stimuli would provide a powerful tool to understand the functions of
these organelles.
Isolation of different organelles is traditionally accomplished by subcellular fractionation
with differential centrifugation or multi-step density gradient ultracentrifugation [de Araujo and
Huber, 2007; Foster et al., 2006; Frezza et al., 2007; Graham, 2001a; Graham, 2001b; Graham,
2001c; Michelsen and von Hagen, 2009]. However, most subcellular fractionation approaches
bear some intrinsic drawbacks. For example, the heterogeneous nature in the density of any
given organellar population makes it difficult to obtain a type of organelles without the
contamination of the others. In addition, the concentration of a desired organellar population
collected from multiple fractions is often relatively low, making some downstream analyses
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challenging. Moreover, as far as we know, the conventional subcellular fractionation methods
usually take at least one hour [Frezza et al., 2007; Graham, 2001a; Graham, 2001b; Graham,
2001c], which may lead to changes in the compositions of organelles, especially the signaling
molecules associated with the cytoplasmic leaflet of the organelles and some labile small
molecule metabolites. Besides fractionation, specific methods have also been developed for the
purification of certain organelles. For example, lysosomes can be isolated by magnets after
loaded with iron oxide-conjugated dextrans [Rofe and Pryor, 2016]. However, depending on the
duration of loading and chasing, dextrans are enriched in different degrees in various endosome
populations and lysosomes [Humphries et al., 2011]. Moreover, long-term accumulation of nondegradable dextran may have some unexpected effects on lysosomal functions [Kurz et al.,
2008].

5. Significance of this study
Conceptually, the studies presented in this dissertation include (1) characterization of
TPCs in regulating mTORC1 by modulating lysosomal amino acids levels and (2)
characterization of how NH3 generated during glutamine hydrolysis via glutaminases directly
tunes lysosomal pH, controls lysosomal degradation capacity and modulates mTORC1
activation during amino acid shortage. These two studies revealed that lysosomal luminal ionic
homeostasis can regulates cell metabolism by modulating the lysosomal luminal metabolite
level, degradation function and cell metabolism. These studies also suggest the possibilities that
any cellular process that changes the luminal ionic composition might impact cell metabolism.
Technically, we developed a new method that allows purification of abundant lysosomes,
mitochondria or peroxisomes within 8 mins using a set of genetic probes. The newly developed
method opened possibilities to purify organelles for metabolomic studies from limited amount of
material, and would greatly facilitate spatial-temporal study of cellular metabolism.
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Chapter 2

Materials and Methods

General reagent and antibodies
All amino acids and N-acetyl cysteine were purchased from Sigma-Aldrich (St. Louis,
MO). Oxo-2-glutarate was purchased from APExBio Technology (Houston, TX), Nigericin,
Monensin, GLS1 inhibitor BPTES were purchased from Cayman Chemical Company (Ann
Anbor, MI). 4-Phenylbutyric acid (4-PBA), l-ornithine-l-aspartate (LOLA) and carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) were purchased from Sigma-Aldrich (St. Louis, MO). DQBSA (Cat # D12051) and FITC-conjugated dextran 10,000 MW (Cat # D1820) or Oregon Green
488 conjugated dextran 70,000MW (Cat # D7173) were purchased from ThermoFisher
Scientific (Waltham, MA).
High-performance liquid chromatography (HPLC)-grade acetonitrile, methanol, and
water were procured from Burdick & Jackson (Morristown, NJ). Mass spectrometry-grade formic
acid was purchased from Sigma-Aldrich (St. Louis, MO). Calibration solution containing multiple
calibrants in a solution of acetonitrile, trifluroacetic acid, and water was purchased from Agilent
Technologies (Santa Clara, CA). Metabolite standards and internal standards, including Nacetyl Aspartic acid-d3, Tryptophan-15N2, Sarcosine-d3, Glutamic acid-d5, Thymine-d4,
Gibberellic acid, Trans-Zeatine, Jasmonic acid, 15N Anthranilic acid, and Testosterone-d3, were
purchased from Sigma-Aldrich (St Louis, MO).
Antibodies for phosphor-S6K (T389) (Cat # 9206, 1:1000), S6K (Cat # 9202, 1:1,000),
SDHA (Cat # 5839, 1:1,000), catalase (Cat # 12980, 1:1,000), PDI (Cat # 3501, 1:1,000),
Golgin-97 (Cat # 13192, 1:1,000), ERK1/2 (Cat # 4696, 1:1,000), mTOR (Cat # 2983, 1:1,000),
phosphor-mTOR (S2448) (Cat # 5536, 1:1,000), Raptor (Cat # 2280, 1:1,000) were from Cell
Signaling Technology (Danvers, MA), for SERCA (Cat # 271669, 1:1,000), actin (Cat # 47778,
1:10,000) from Santa Cruz Biotechnology (Dallas, TX), for LAMP1 (Cat # L1418, 1:2,500), LC3B
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(Cat # L7543, 1:2000) from Sigma-Aldrich (St. Louis, MO), for PMCA2 (Cat # 19678-1-AP,
1:1,000), ATP1A1 (Cat # 14418-1-AP, 1:1,000), GOLM1 (15126-1-AP, 1:1,000), SLC27A2
(14048-1-AP, 1:1,000), TOM20 (Cat # 11802-1-AP, 1:10,000) from ProteinTech (Rosemont, IL),
for human LAMP2 (Cat # 9840-01, 1:2,500), mouse LAMP2 (Cat # ABL-93, 1:2,500) from the
Developmental Studies Hybridoma Bank (Iowa city, IA), and for SNAT9 (PA5-60509) from
ThermoFisher Scientific (Waltham, MA).
Second antibodies Alexa 488-conjugated goat anti-mouse IgG (Cat # A-11001), Alexa
568-conjugated goat anti-rat IgG (Cat # A-11077), Dylight 800-conjugated goat anti-mouse (Cat
# SA5-10176, 1:5,000) and Dylight 680-conjugated goat anti-rabbit IgG (Cat # 35568, 1:5,000)
were from ThermoFisher Scientific (Waltham, MA).

cDNA and shRNA constructs
LAMP1, mGFP, and the twin strep tag, were amplified by PCR from LAMP-CFP-FKBP
[Komatsu et al., 2010], mGFP-PASS [Lu et al., 2016; Zhang et al., 2014] , and
AAVS1_Puro_PGK1_3xFLAG_Twin_Strep (Addgene # 68375) [Dalvai et al., 2015] ,
respectively, and fused by PCR to generate the LAMP1-mGFP-2strep fusion protein. The Lysostrep is then cloned into LT3G-mGFP-PASS [Lu et al., 2016] derived from L3GEPIR [Fellmann
et al., 2013] that contains the third generation tetracycline-inducible promoter, to generate
LT3G-LAMP1-mGFP-2strep (Lyso-2strep). The cDNA encoding amino acid 1-34 of TOM20 was
amplified by PCR from TOM20-CFP-FRB [Komatsu et al., 2010] and then cut with Nhe I and
BamH I at the artificially introduced sites. To generate LT3G-Mito-mGFP-2strep (Mito-strep),
LT3G-LAMP1-mGFP-2strep was cut with Nhe I and BamH I, and the LAMP1 fragment was
replaced with the TOM20 fragment. The cDNA encoding amino acid 1-42 of PEX3 was
amplified by PCR from pβactin-PEX3-mRFP [Kapitein et al., 2010] and then cut with Nhe I and
BamH I at the artificially introduced sites. To generate LT3G-Pex-mGFP-2strep (Pex-strep), the
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LAMP1 fragment of LT3G-LAMP1-mGFP-2strep was removed by Nhe I and BamH I digestion,
and replaced with the cut PEX3 fragment.
Flag-SNAT9 construct was a gift from David Sabatini (Addgene plasid #71858 ;
http://n2t.net/addgene:71858 ; RRID:Addgene_71858). For small hairpin RNA (shRNA)mediated knockdown, lentiviral plasmids containing shRNA for mouse Castor1 (target sequence
GATCGGCTGTGTCATTGATAT) were purchased from Sigma-Aldrich (St. Louis, MO), for
mouse SNAT9 (two constructs, target sequences GCCTTGTATCAAGACACTAAA and
CCTGGCTTTCGTGTTCATATA) were purchased from Sigma-Aldrich (St. Louis, MO), for
mouse GLS1 (target sequence AGAAAGTGGAGATCGAAATTT) and mouse GLS2 (target
sequence CTCCCTCAATGAGGAAGGAAT) were purchased from VectorBuilder (Shenandoah,
TX).
Cell Culture, transfection, lentiviral production and transduction
All cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal
bovine serum (Thermo Scientific, Waltham, MA). MEF cells were prepared as described
[Jozefczuk et al., 2012]. Briefly, pregnant mice were sacrificed at 10-13 days post-coitum, and
embryos were collected from uterine horns. After removing head and red organs, the remaining
embryos were washed, finely minced and dissociated with trypsin. MEF cells and all other cell
lines were routinely maintained in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal
bovine serum (FBS) (GenDepot, Katy, TX), 100 units/ml penicillin and 100 μg/ml streptomycin
(GenDepot, Katy, TX) at 37°C, 5% CO2. Lentiviruses were collected from TLA-293T cells
(Thermo Scientific, Waltham, MA) co-transfected with the lentiviral vector (Lyso-2strep, Mito2strep, Pex-2strep, Flag-SNAT9, shGLS1-1, shGLS1-3, shGLS2-1, shGLS2-3), pCMV-dR8.2
and pMD2.G using Lipofectamine 3000 and Plus reagent [Thermo Scientific, Waltham, MA] as
described before [He et al., 2017; Wang et al., 2017]. Two days after infection with lentiviruses,
MEF or HeLa cells were selected with puromycin (1 μg/ml) for stable expression.

13

Starvation treatment, preparation of starvation media and DMEM omitting individual
amino acids
Amino acid free DMEM was purchased from US Biological (Salem, MA), glutamine-free
DMEM was purchased from Sigma-Aldrich (St Louis, MO). All media treated for amino acid
starvation purpose were supplemented with 10% FBS that were pre-dialyzed to remove small
molecules under 3.5 KDa with Slide-A-Lyzer™ Dialysis Cassettes (Cat # 66110, ThermoFisher
Scientific, Waltham, MA). DMEM omitting individual amino acids were prepared based on amino
acid-free DMEM, re-supplemented with desired combinations of amino acids diluted from stock
solutions of L-glycine (400 mM, 1000X), L-glutamine (1 M, 250X), L-arginine (400 mM, 1000X),
L-cysteine (200 mM, 1000X), L-histidine (200 mM, 1000X), L-isoleucine (800 mM, 1000X), Lleucine (800 mM, 1000X), L-lysine (800 mM, 1000X), L-methionine (200 mM, 1000X), Lphenylalanine (400 mM, 1000X), L-serine (400 mM, 1000X), L-threonine (800 mM, 1000X), Ltryptophan (40 mM, 1000X), L-tyrosine (400 mM, 1000X), and L-valine (800 mM, 1000X).
All starvation treatments were performed in 6-well plates. Prior to the starvation
treatment, the culture medium was replaced with the normal culture medium 1~3 hour before
experimentation. For starvation, cells were rapidly washed once with 1 ml of the starvation
medium, which was followed by the addition of 1.5 ml starvation medium to the well and
incubation at 37°C, 5% CO2 for the indicated time. At the end of the incubation, cells were lysed
immediately for Western blotting.

Fluorescent imaging
To label lysosomes, mitochondria and peroxisomes with GFP, lentivirus coding Lysostrep, Mito-strep and Pex-strep were transduced into HeLa or MEF cells and expression of the
probes was turned on by adding 1 µg/ml doxycycline to medium 1 day before experiments.
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To label lysosomes with lysotracker, purified lysosomes on beads was incubated with 1
μM LysoTracker (Thermo Scientific, Waltham, MA) for 15 minutes at room temperature and
gently washed twice with 1ml KPBS. To label mitochondria with MitoTracker or TMRE, purified
mitochondria on beads were incubated with 500 nM MitoTracker (Cell Signaling Technology,
Danvers A) or 1 µM TMRE for 15 mins at room temperature. For CCCP treatment, after the third
wash during mitochondrial isolation, beads were resuspended in 500 µl potassium phosphatebuffered saline (KPBS, 136 mM KCl, 10 mM KH2PO4, pH 7.3) containing 2 mM sodium pyruvate
and 50 µM CCCP and incubated at room temperature for 30 minutes. TMRE was then added to
the solution to a final concentration of 1 µM and incubated at room temperature for 15 minutes.
After incubation, beads were washed twice in 500 µl KPBS containing 2 mM sodium pyruvate
and 50 µM CCCP. Beads were eluted in 100 µl 20 mM biotin in KPBS containing 2 mM sodium
pyruvate for 10 minutes at room temperature.
For immunostaining, cells were fixed in 4% paraformaldehyde (PFA) in PBS at the room
temperature for 20 minutes, then permeablized and blocked in PBS containing 0.1% saponin
and 5% non-fat milk for 1 hour. Primary antibody was diluted at 1:1000 in PBS containing 1%
non-fat milk and added to the cells to allow incubation at 4 °C overnight. Then the cells were
washed three times with PBS for 5 minutes each. Secondary antibody was diluted at 1:1000 in
PBS containing 1% non-fat milk and added to the cells to allow incubation at room temperature
for 60 mins. This was followed by three 5-minute washes with PBS. After staining, the coverslip
was mounted on a glass microscopy slide using FluoroGel mount media (Cat # 17985-10,
Electron Microscopy Sciences, Hatfield, PA) and left at the room temperature overnight.
Cells expressing fluorescence protein-tagged organellar probes, loaded with organellar
probes, and/or stained with antibodies that label individual organelles were visualized by Nikon
A1 confocal microscope. Fluorescence images are representatives of at least three independent
experiments with similar results.

15

Lysosomal PH measurement
Lysosomal pH measurement was performed as previously described [Cai et al., 2016].
Cells were seeded at density of 30% ~ 50% on glass-bottom dishes (MatTek, Ashland, MA) one
day before imaging. FITC-conjugated or Oregon Green 488 dextran was added to cells at the
final concentration of 0.2 mg/ml during seeding. After overnight incubation of FITC dextran or
Oregon Green 488, cells were washed 3 times with DMEM containing 10% FBS and incubated
with fresh medium for 2 hours to chase the probe. After chasing, the medium was replaced with
phenol red-free DMEM with indicated concentrations of glutamine and supplementation of 10%
pre-dialyzed FBS and cells incubated for 2 hour (unless otherwise instructed) before imaging.
During imaging, cells were placed in a miniature incubator with the temperature (37 oC) and CO2
(5%) control. Images were acquired using Nikon NIS Elements software with Nikon A1R
confocal microscope equipped with 40X oil immersion lens. Excitation wavelengths were
switched between 445-nm and 488-nm lasers. Emissions were filtered with 525/50 filter.
Individual lysosomes or a small cluster of lysosomes were selected as ROI’s (region of interest).
The mean intensity ratio (490/440) was calculated for each individual ROI. pH calibration was
performed in isotonic K+ solution [140 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM glucose,
supplemented with 10 μM nigericin (Cayman # 11437)], with pH of 4.0, 4.5, 5.0, 5.5, 6.0, 6.5,
7.0, respectively. For each pH, images were taken after 10 mins incubation with the calibration
buffer and the mean value of 490/440 of each ROI were fitted as a function of pH to a
Boltzmann sigmoid curve. The lysosome pH values were then calculated based on the equation
obtained from the curve. The frequency distribution of lysosome pH values was analyzed using
Prism 7 and fitted into Gaussian distribution.

Cellular lipofuscin and cholesterol quantification
Cells were seeded on 15-mm coverslips at ~40% density overnight and then fixed with
4% paraformaldehyde (PFA) for 15 mins and washed 3 times with phosphate-buffered saline
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(PBS). For lipofuscin, images were taken using a fluorescence microscope with the FITC filter
set. For cholesterol, cells were incubated with 0.05 mg/ml filipin in PBS for 2 hours followed by
PBS washing for 3 times. Images were taken using a fluorescence microscope with UV
excitation and emission at 404 nm.

Western blot
All experimental treatments were performed in 6-well plates. At the time of experiment,
the cell density was 60~80%. After the indicated treatment, the treatment media were quick
removed and cells were lysed on the 6-well plate by adding 150 µl ice-cold 1X SDS sample
buffer (50 mM Tris, 12.5 mM EDTA, 2% SDS, 10% glycerol, 2% β-mercaptoethanol, 0.02%
Bromophenol blue, pH 6.8) to each well. Lysates were collected to a 1.6 ml microcentrifuge tube
and briefly sonicated before boiling at 95 oC in a heat block for 10 mins. After cooling down, the
lysates were then separated by sodium dodecyl sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE, separation gel 7.5 % for S6K, phosphor-S6K, LAMP1, LAMP2,
PDI, SERCA, catalase, SLC27A2, ATP1A1, PMCA2, ERK1/2, GOLM1, Golgin-97, SDHA, TOM
20, 15% for LC3 and actin) and transferred onto low fluorescence background PVDF
membranes (MilliporeSigma, Burlington, MA) or nitrocellulose membranes (Li-COR, Lincoln,
NE) for the rest. The membranes were blocked in 5% non-fat milk dissolved in 1X Tris-buffered
saline containing 0.1% Tween-20 for 1 hour and probed with the indicated primary antibodies
overnight. Dylight 680 and Dylight 800 conjugated secondary antibodies were used for
fluorescently labeling the primary antibody and detection using the Li-COR Odyssey infrared
imaging system (Li-COR Biotechnology, Lincoln, NE). Quantification of band intensity was
performed with Li-COR ImageStudio software.
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LC3-II degradation assay
MEF cells were seeded at ~50% confluence on 6-well plates the day before
experiments. NH4Cl was added to the DMEM complete medium at the final concentration of 10
mM and incubated for 2 hours. Cells were then washed twice with DMEM complete medium and
maintained in the DMEM complete medium for 1, 3 or 5 hours. After the treatment, cells were
lysed and subjected to Western blotting as described above for LC3 except for the following: 1)
proteins were separated by 12% SDS-PAGE and transferred to nitrocellulose membrane, 2)
blocking used 5% non-fat milk dissolved in 1X TBST, 3) primary antibodies were diluted in 1X
TBST containing 5% bovine serum albumin (BSA).

Degradation assay with DQ-BSA
Cells were seeded at a density of 30% ~ 50% on glass-bottom dishes one day before
imaging. Next day, the medium was replaced with fresh medium containing 0.1 mg/ml DQTM
Red BSA and cells incubated for 2 hours. After the incubation, the medium containing DQTM Red
BSA was washed off three times with the culture medium and the cells chased for 1 hour. After
chasing, the medium was replaced with complete DMEM (control), amino acid-free DMEM (-AA)
or glutamine-free DMEM (-Q) that were supplemented with 10% pre-dialyzed FBS and cells
incubated for 1 hour. Cells were placed in a Tokai Hit miniature stage incubator (Nikon, Tokyo,
Japan) with environmental control (37oC, 5% CO2) for imaging. Z-stack images were acquired
using Nikon A1R confocal microscope with 60X oil immersion lens. Quantification of DQTM Red
BSA were made using ImageJ by measuring the average fluorescence intensities of individual
cells.
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Isolation of lysosomes, mitochondria and peroxisome
Approximately 6 million HeLa cells stably expressing Lyso-2Strep, Mito-2Strep or PEX2Strep were seeded on a 150-mm cell culture dish overnight and 1 μg/ml of doxycycline was
added at the time of seeding. On the day of experiment, medium was replaced with fresh
medium free of doxycycline ~ 3 hours before the experiment. All organelle isolation procedures
were performed in a cold room with ice-cold reagents. Cells were washed twice with PBS,
collected in 1 ml of KPBS with a cell lifter, and then transferred into a 1.5 ml centrifuge tube. The
cells were centrifuged for 1 min at 1000 xg and then resuspend in 1 ml of KPBS. Resuspended
cells were homogenized in a 2 ml glass tissue grinder (VWR, Radnor, PA) with 30 gentle and
continuous strokes. The homogenates were centrifuged at 1000 xg for 2 min and 800 μl of the
post-nuclear supernatant (PNS) was added to 150 μl or 300 μl of prewashed streptavidinconjugated magnetic beads (Cat#88817, Thermo Scientific) in a 1.5 ml centrifuge tube. The
PNS and beads were gently mixed and incubated in a tube rotator for 0.5-30 minutes to allow
binding. After incubation, the beads were collected with a magnetic stand (Cat#12321D, Thermo
Scientific). The supernatant was discarded and beads resuspended in 1 ml KPBS and then
transferred to a new 1.5 ml tube. The beads were washed 2 more times by resuspending in 1 ml
KPBS and pelleting with the magnetic stand. For imaging, organelles were recovered in
supernatant after incubating the beads with 100 μl of 10 mM biotin in PBS for 10 min and
collecting beads by magnetic stand.

Sample preparation for mass spectrometry analysis of amino acids
Lysosomes were purified as described above. After the final wash, beads bound with
lysosomes were incubated with 60 µl of 50% methanol on ice for 5 minutes. Beads were then
collected with a magnetic stand and eluates transferred to a clean glass vial (VWR). For cytosolic
amino acids, the cytosol was prepared by centrifugation of PNS at 16,000 x g for 3 min at 4°C to
precipitate all organelles. Then 40 µl of the supernatant was mixed with 40 µl 100% liquid
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chromatography and mass spectrometry (LC-MS) grade methanol. The samples for LC-MS
analysis were prepared by spiking 5 µl of isotopic labeled standard mix into each sample.

Identification of amino acids
Analysis of metabolites was performed at the Metabolomics Core of Baylor College of
Medicine (Houston, TX). Amino acids were identified by Zorbax eclipse XDB C-18
Chromatography column (Agilent technologies, Santa Clara, CA) using 0.1% formic acid (buffer
A) and 0.1% formic acid in acetonitrile (buffer B). The samples were analyzed on 6490 triple
quadrupole mass spectrometer coupled with 1290 series HPLC system equipped with a
degasser, binary pump, thermostatted auto sampler and column oven (Agilent Technologies).
Data analysis was carried out by using Agilent Mass Hunter workstation software. All the
identified amino acids were normalized by spiked isotopic labeled standard. LC-MS analysis
was performed in MRM mode. Source parameters used were as follows: Gas temperature,
250 °C; Gas flow, 14 l/min; Nebulizer gas pressure, 20 psi; Sheath gas temperature, 350 °C;
Sheath gas flow, 12 l/min; Capillary voltage, 3000 V positive and 3000 V negative; Nozzle
voltage, 1500 V positive and 1500 V negative. Approximately 8–11 data points were acquired
per detected amino acid.

Reverse Phase Protein Array
WT and TPC defective MEF cells were either treated in complete DMEM supplemented
with 10% FBS or amino acid-free DMEM without DBS for 1 hour. After treatment, cells were
washed twice with ice cold PBS and immediately lysed with phenol blue-free and bmercaptoethanol (b-ME)-free 1 X SDS sample buffer (100 mM Tris, 1% SDS, 10% glycerol, pH
6.8). Lysates were then boiled at 95 oC for 15 mins and sonicated to reduce the viscosity.
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Protein concentration were then measured with bicinchoninic acid method. The lysates were
diluted into 0.5 mg/ml in SDS sample buffer and denatured on the same day.
The Aushon 2470 Arrayer (Aushon BioSystems, Billerica, MA) with a 40 pin (185 µm)
configuration was used to spot samples and control lysates onto nitrocellulose-coated slides
(Grace Bio-labs, Bend, OR) using an array format of 960 lysates/slide (2880 spots/slide). The
slides were processed as described and probed with a set of 210 antibodies against total
proteins and phosphoproteins using an automated slide stainer Autolink 48 (Dako, Santa Clara,
CA). Each slide was incubated with one specific primary antibody and a negative control slide
was incubated with antibody diluent without any primary antibody. Primary antibody binding was
detected using a biotinylated secondary antibody followed by streptavidin-conjugated IRDye680
fluorophore (LI-COR Biosciences, Lincoln, NE). Total protein content of each spotted lysate was
assessed by fluorescent staining with Sypro Ruby Protein Blot Stain according to the
manufacturer's instructions (Molecular Probes, Eugene, OR).
Fluorescence-labeled slides were scanned on a GenePix 4400 AL scanner (Molecular
Devices, Silicon Valley, CA), along with accompanying negative control slides, at an appropriate
PMT to obtain optimal signal for the specific set of samples. The images were analyzed with
GenePix Pro 7.0 (Molecular Devices). Total fluorescence signal intensities of individual spots
were obtained after subtraction of the local background signal for each slide and were then
normalized for variation in total proteins, background and non-specific labeling using a groupbased normalization method as described [Chang et. al. 2015]. For each spot on the array, thebackground-subtracted foreground signal intensity was subtracted by the corresponding signal
intensity of the negative control slide (omission of primary antibody) and then normalized to the
corresponding signal intensity of total proteins for that spot. Each image, along with its
normalized data, was evaluated for quality through manual inspection and control samples.
Antibody slides that failed the quality inspection were either repeated at the end of the staining
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runs or removed before data reporting. In total 210 antibodies were used for subsequent data
analyses.
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Chapter 3

Regulation of Endolysosomal Morphology and Trafficking by Two Pore

Channels
1. Introduction
Autophagosome degradation is a critical step for the cell to regenerate nutrients during
autophagy. Newly formed autophagosomes subsequently fuse with endosomes and lysosomes
to obtain all necessary machineries including digestive enzymes for digestion of their contents
[Kimura et al., 2007]. The delivery of autophagosomes to lysosomes requires Ca2+ release from
endocytic vesicles [Wong et al., 2012]. Defective Ca2+ release has been shown to cause the
blockage of autophagosomes fusion with lysosomes, which subsequently leads to accumulation
of incompletely digested autophagosomes and lysosomal lipid storage that may cause diseases
such as Niemann Pick Syndrome [Shen et al., 2012] and Mucolipidosis Type IV [Dong et al.,
2008; Wong et al., 2012]. Therefore, endocytic Ca2+ signaling is essential for autophagy
completion.
A number of Ca2+ permeable ion channels, including TRPMLs [Dong et al., 2008; Kim et
al., 2009; Sun et al., 2015], TPCs [Calcraft et al., 2009] and voltage-gated calcium channels
(VGCCs) [Tian et al., 2015], have been identified to regulate Ca2+ release from lysosomes.
Among these channels, TPCs are known to mediate the highly robust intracellular Ca2+
signaling induced by nicotinic acid adenine dinucleotide phosphate (NAADP) [Clapper et al.,
1987; Calcraft et al., 2009]. As Ca2+ permeable channels, TPCs are suggested to play roles in
endocytic trafficking. Cells with TPC1 deletion showed impaired trafficking from plasma
membrane to Golgi apparatus [Ruas et al., 2014], and cells with TPC2 deletion showed delayed
turnover of receptor tyrosine kinases (RTKs), such as platelet-deprived growth factor receptor
(PDGFR) [Ruas et al, 2014] and epidermal growth factor receptor (EGFR) [Grimm et al., 2014].
MEF isolated from TPC1 or TPC2 knockout mice showed resistance to Ebola virus infection
[Sakurai et al., 2015], presumably through a mechanism that prevents virus trafficking to an
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endolysosomal compartment, where the virus can shed off coating proteins and escape from
the lysosomes.
As Na+ releasing channels, recent studies have also suggested that TPCs may play
roles in regulating lysosomal pH via a mechanism by which TPCs release Na+ from lysosomes
to shift the lysosomal membrane potential to favor the H+ uptake into lysosomes by V-ATPase.
Macrophages isolated from starved mice with both TPCs deleted showed defective lysosomal
pH maintenance [Cang et al., 2013]. Similarly, lysosomes or lysosome-related organelles
showed elevated pH in cells with TPC2 knocked out [Lin et al., 2015; Ambrosio et al., 2016].
Overexpressing TPC2 in HEK293 cells also slightly increased the pH of lysosomes [Lu et al.,
2013]. In contrast, another study showed that MEF cells isolated from TPC1 and TPC2
knockout mice showed no difference in lysosomal pH compared to WT MEF cells [Ruas et al.,
2014]. However, the median pH values reported in this study ranged from 5.5~5.8 [Ruas et al.,
2014], about one unit higher than that showed in other studies [Cang et al., 2013; Lu et al.,
2013; Lin et al., 2015; Ambrosio et al., 2016]. Therefore, whether TPCs play a role in regulating
lysosomal pH remains unclear. Interestingly, although TPC1
Consistent with the idea that TPCs may be required for lysosomal delivery and pH
maintenance, muscle cells isolated from TPC2 knockout mice showed elevated lysosomal pH in
normal culture condition and delayed mTORC1 reactivation (or autophagy termination) during
long-term starvation [Lin et al., 2015], indicating that TPC2 plays a role in autophagy
progression. In this chapter, I show that MEF cells with deficiency in TPCs have impaired cargo
trafficking to lysosomes, and “defective” lysosomal pH in TPC KO cells is caused by delayed
delivery of the lysosomal pH indicators to lysosomes. I also observed delayed autophagosome
turnover, as well as increased lysosomal storage and enlarged lysosomes, in TPC deficient
cells.
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2. Results
2.1 TPC deficient cells display normal lysosomal pH, but impaired cargo delivery to
lysosomes
To address the controversy of whether TPCs contribute to lysosomal pH regulation, I
measured lysosomal pH in WT, TPC1 KO, TPC2 KO and TPC1/2 double knockout (TPC dKO)
MEF cells. I followed an established protocol to load lysosomes with the pH indicator, Oregon
Green 488-conjugated dextran (OG488), by incubating the cells with the dextran dye overnight
and chasing for 2 hours [Cai et al., 2016]. Under these experimental conditions, the median
lysosomal pH in WT MEF cells was found to be ~4.1 (Fig. 3A-B), while the median pH values
were ~4.1 in TPC1 KO cells and ~5.0 in TPC2 KO and TPC dKO MEF cells (Fig. 3A-B).
However, unlike the WT MEF cells, which exhibited a tight distribution of pH values in individual
lysosomes, the TPC deficient cells displayed broad distributions of the pH values (Fig. 3). The
fluorescence images of OG488-loaded cells also looked different between WT and TPCdeficient cells, with the former exhibiting sharp discrete puncta while the latter showing hazy
background staining in the entire cytoplasm (Fig. 3C).
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Figure 3. TPC defective MEF cells exhibits elevated endocytic vesicle pH during after overnight loading
with Oregon Green 488 dextran and 2 hour chase. Cells were incubated with Oregon Green 488
conjugated dextran overnight and then chased for 2 hours. The pH values of individual lysosomes were
determined by Oregon Green fluorescence ratios. Data are presented as Gaussian distribution plots of pH
values of individual lysosomal clusters (A) and individual data points and means ± SEM (B). (C)
Representative fluorescence image of WT and TPC defective MEF cells loaded overnight with Oregon
Green 488 dextran and chased for 2 hours. Scale bar = 20 µm. NS, not significant, * P < 0.05, ** P < 0.01,
**** P <0.0001, by One-way ANOVA
I reasoned that the broad pH distribution and high background staining in TPC-deficient
cells might reflect the prominent presence of the dextran-conjugated dye in endosomes, which
have higher pH values than lysosomes and tend to be too small to be resolved by confocal
microscopy. This would be consistent with the reduced endocytic trafficking reported for the
TPC2 KO cells [Grimm et al., 2014; Ruas et al., 2014]. To test this possibility, I loaded cells with
fixable FITC-dextran overnight and then chased the dye for 2 hours. The cells were then fixed
and stained with the lysosomal marker, LAMP1, by immunocytochemistry. While in WT MEF
cells almost all dextran labels were found in lysosomes, in cells deficient of either TPC1 or
TPC2 or both TPCs, significant portions of the dextran labels existed in non-lysosomal
compartments (Fig. 4A). Given that some dextrans reached the lysosomes in the TPC-deficient
cells, the trafficking impairment most likely represents a delay instead of an inability to deliver
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the cargo to the lysosomes. Therefore, I increased the chase time to 24 hours after the
incubation with FITC-dextran. With the 24-hour chase, nearly all dextran labels were colocalized
with LAMP1 in the TPC dKO cells (Fig. 4B).
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Figure 4. TPC KO cells exhibit defects in cargo delivery to lysosomes. MEF cells of indicated genotypes
were incubated with fixable FITC dextran (Green) overnight and then chased for 2 hours (A) or 24 hours
(B). After chasing, cells were fixed and stained with anti-LAMP1 (Red). Images (merged) are
representatives of at least three independent experiments with similar results are shown. Scale bars = 20
µm.
Similarly, with the 24-hour chase after incubation with OG-488, WT cells and TPC
deficient cells all exhibited median lysosomal pH values of 4.6~4.8, showing no significant
difference among different genotypes (Fig. 5). The distribution of pH values in individual
lysosomal clusters also did not differ significantly among the four cell types (Fig. 5). Together,
my results suggest that TPCs regulate trafficking of endocytic cargos to lysosomes, and the
purported elevation of lysosomal pH in TPC deficient cells most likely resulted from a delayed
delivery of dextran-based pH indicator dye to the lysosomes.
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Figure 5. Lysosomal pH of WT, TPC1 KO, TPC2 KO and TPC dKO MEF cells. Cells were incubated with
Oregon Green 488 conjugated dextran overnight and then chased for 24 hours. The pH values of
individual lysosomes were determined by Oregon Green fluorescence ratios. Data are presented as
Gaussian distribution plots of pH values of individual lysosomal clusters (A) and individual data points
and means ± SEM (B). ns, not significant (p>0.05).
2.2 Cells with defects in TPC1 or TPC2 are slower in autolysosome degradation
Cargo delivery to lysosomes is an important step during autophagy as newly generated
autophagosomes requires fusion with lysosomes in order to gain the necessary hydrolases to
have their contents degraded. Thus, the delay in cargo delivery to the lysosomes in TPC KO
cells implicates that the degradation of autophagic materials may also be compromised. To test
this possibility, I measured lipidated microtubule-associated proteins 1A/1B light chain 3B (LC3II), an indicator of autophagic flux by Western blotting. Under normal culture condition, WT,
TPC1 KO and TPC2 KO MEF cells showed similar LC3-II levels, indicative of no change in
basal autophagic flux; however, TPC dKO MEF cells had about 3-fold as much LC3-II as the
WT cells (Fig. 6A-B), indicating that the TPC dKO MEF cells have altered autophagic flux.
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Figure 6. TPC dKO MEF cells exhibits increased basal LC3-II levels. WT, TPC1 KO, TPC2 KO, TPC dKO MEF
cells cultured in normal culture medium. (A) Representative Western blots of LC3 and actin. (B) Statistics
of normalized LC3-II/actin ratios, shown as means ± SEM from n = 3 experiments. ns, p>0.05, ***p<0.001
by one-way ANOVA
The increased LC3-II levels could result from either an enhanced autophagosome
synthesis or a decreased autophagosome degradation. To distinguish these possibilities, I used
NH4Cl to shut down degradation by lysosome. With the addition of 10 mM NH4Cl, lysosomal pH
was neutralized to ~ pH 6.0 from the original median value of 4.3 within 1 minute, and the wash
off of NH4Cl brought the lysosomal pH back to 4.2 immediately (Fig. 7). Therefore, in the
presence of NH4Cl, little degradation can be carried out because the majority of lysosomal
proteases work optimally at acidic pH, and the accumulation of LC3-II would indicate
autophagosome formation. Upon removal of NH4Cl, the degradation resumes quickly and the
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clearance of LC3-II over time would inform the rate of autophagosome degradation.
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Figure 7. NH4Cl reversibly elevates lysosomal pH. WT MEF cells were incubated with OG488 overnight
and then chased for 2 hours. The pH values of individual lysosomal clusters were determined by Oregon
Green fluorescence ratios. The lysosomal pH was measured again after addition of 10 mM NH4Cl to the
K+ isotonic buffer and then following the wash off of NH4Cl. Data are presented as Gaussian distribution
plots of pH values of individual lysosomes.
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I found that with the treatment of 10 mM NH4Cl for 2 hours, LC3-II levels nearly doubled
in WT cells (Fig. 8A-B), and after the wash off of NH4Cl, the LC3-II returned to the basal level
within 1 hour (Fig. 8A-B). The 2 hour incubation with 10 mM NH4Cl also increased LC3-II in
TPC1 KO, TPC2 KO and TPC dKO MEF cells to levels higher than that attained in the WT cells
(Fig. 8A-B). This was especially prominent in the TPC1 KO cells, reaching about 4-fold increase
from the basal level after 2 hours of NH4Cl treatment. This suggests that the TPC deficient cells
exhibit enhanced autophagosome synthesis as compared with the WT. Moreover, the decline of
LC3-II after NH4Cl withdrawal was slower in the TPC deficient cells than in the WT, taking at
least two hours to reach the basal level (Fig. 8A-B). For TPC1 KO MEF cells. LC3-II levels
remained elevated even 5 hours after the wash off of NH4Cl (Fig. 8A-B). Collectively, these data
suggest that both TPC1 and TPC2 play roles in autophagosome turnover in MEF cells; both
autophagosome synthesis and degradation are affected by the deletion of TPC1 or TPC2,
although at the steady-state, the LC3-II levels only changed in TPC dKO but not TPC1 KO and
TPC2 KO MEF cells.
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Figure 8. TPC deficient cells display altered autophagosome synthesis and degradation. WT, TPC1 KO,
TPC2 KO, TPC dKO MEF cells were treated with 10 mM NH4Cl to allow LC3-II to accumulate in the
absence of degradation by lysosomes. Then, the NH4Cl was removed and LC3 and actin levels were
measured by Western blotting at different times post NH4Cl withdrawal as indicated. (A) Representative
Western blots of LC3 and actin. (B) Statistics of normalized LC3-II/actin ratios, shown as means ± SEM
from n = 3 experiments.
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2.3 TPC deficient cells exhibit increased lysosomal storage and abnormal morphology.
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Figure 9. TPC deficient cells contain increased levels of lipofuscin and cholesterol under normal culture
conditions. (A) and (C) Representative fluorescent images of autofluorescence (A) in GFP configuration
(488 nm excitation, 520 nm emission) and Filipin staining (C) in WT, TPC1 KO, TPC2 KO and TPC dKO MEF
cells. Scale bars: 20 nm. (B) and (D) Individual data points and means ± SEM for conditions shown in (A)
and (C), respectively, for n = 10-50 cells pooled from 3 experiments. **p<0.01, ***p<0.001,
****p<0.0001 by one-way ANOVA.
Defects in autophagosome degradation may lead to increased lysosomal storage, as
demonstrated in multiple lysosomal storage disorders as well as neurodegenerative diseases
[Nixon et al., 2008; Wang et al., 2018]. Since TPC deficient cells showed compromised
clearance of autophagosomes, it is possible that lysosomes in TPC deficient cells have
accumulated lipid storage. Two common types of lipids that tend to accumulate inside
lysosomes are lipofuscin and cholesterol; therefore, we measured and compared the
abundance of lipofuscin and cholesterol in WT and TPC deficient cells. Fluorescent microscopy
showed that compared to WT MEF cells, TPC1 KO, TPC2 KO and TPC dKO MEF cells
contained more than twice the amount of lipofuscin, as shown by its autofluorescence (Fig. 9A-
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B) and twice the amount of total cholesterol, as shown by staining with filipin (Fig. 9C-D). Since
accumulated lysosome storage usually leads to enlarged lysosomes, we stained lysosomes with
LAMP2 in these cells and counted the portion of cells that contained lysosomes with diameters
This is based on O/N loading, 0 or 2 hr chase
threshold
15 pixel
(1.5 um)
greater than 2 µm. I found that 70%~80% of the TPC deficient
cells
showed
enlarged

lysosomes, which in WT MEF cells only accounted for less than 20% (Fig. 10A-B). Taken
together, these data demonstrate that cells with TPC loss display abnormal lysosomal storage
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Figure 10. TPC defective cells exhibit enlarged lysosomes. (A) Representative confocal fluorescence
images of lysosomes immunostained with LAMP2 in WT, TPC1 KO, TPC2 KO and TPC dKO MEF cells. Scale
bar: 20 nm. (B) Percentage of cells containing lysosomes with diameters greater than 2 µm. Individual
data points and means ± SEM for n >= 3 experiments are shown.
3. Discussion
3.1 TPC1/2 in regulating lysosomal pH and endocytic trafficking
While roles of TPCs in regulating endocytic vesicle trafficking have been suggested in a
number of studies [Raus et al., 2010; Raus et al., 2014; Castonguay et al., 2017], the
controversies regarding lysosomal pH regulation via TPCs indicate that TPCs are not absolutely
essential for low lysosomal pH, meaning that TPCs might not directly regulate lysosomal pH.
Since most of these lysosomal pH studies utilize either chemical or genetic pH indicating
probes, it is essential to be certain that the probes are completely delivered to lysosomes in
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order to achieve accurate measurements. However, this prerequisite should not be taken for
granted when it comes to measuring the lysosomal pH in cells with defective vesicle trafficking,
as impairment of trafficking may lead to accumulation of the probes in non-lysosomal
compartments, such as endosomes which exhibit higher pH values that lysosomes [Xiong and
Zhu, 2016]. In my study, the fluorescent dextran was delivered to lysosomes within 2 hours after
loading in WT MEF cells; however, in cells with the loss of TPCs, a portion of the dextran was
observed in non-lysosomal compartments (Fig. 4). Consistent with this, the measured lysosomal
pH under this condition appeared “elevated” in cells with the loss of TPC1 and/or TPC2 (Fig. 3).
When the chase time was extended to 24 hours, the majority of dextran was delivered to the
lysosomes in both WT and TPC-deficient cells, and lysosomal pH measured in these cells no
longer showed differences among WT and the TPC mutant cells (Figs. 4&5). This same reason
may also explain the discrepancy concerning lysosomal pH regulation by some other ion
channels, such as CLC-7, which are also known to impair vesicular trafficking [Kasper et al.,
2005; Lange et al., 2006; Graves et al., 2008].

3.2 TPC1/2 in regulating lysosomal morphology
I observed enlarged lysosomes in TPC deficient cells. While TPC2 has been reported to
regulate the sizes of melanosomes, I detected enlarged lysosomes in both TPC1 KO and TPC2
KO MEF cells (Fig. 10). This is consistent with the idea that Ca2+ signaling generated by
endocytic vesicle are important for proper lysosomal function. Remarkably, enlarged vesicles
were also observed in cells with defects in other endolysosomal Ca2+ permeable channels, such
as TRPML1 and VGCCs [Dong et al., 2010; Tian et al., 2015]. It is interesting that although
there are several Ca2+-permeable channels in the lysosomes, these channels do not seem to
substitute each other as defects in any of them lead to abnormal lysosomal functions, indicating
that these channels might have distinct Ca2+ signals that target distinct downstream targets.
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3.3 TPC1/2 in regulating autophagosome turnover
The increase in autophagosome formation found in TPC-deficient cells is in line with the
notion that TPC deficiency impairs mTORC1 reactivation and thereby causes elevation in basal
autophagy [Lin et al., 2015]. Under normal culture conditions, this increase in autophagosome
formation was not obvious in TPC1 KO and TPC2 KO MEF cells because the degradation
matched the rate of autophagosome synthesis, resulting in comparable steady-state levels of
LC3-II in the TPC single KO cells as the WT cells. However, the TPC dKO cells appeared not to
be able to efficiently degrade the newly formed LC3-II and thus showing elevated basal LC3-II
levels. By first halting the degradation with NH4Cl and then allowing it to recover through NH4Cl
withdrawal, slower autophagosome turnover was observed in TPC1 and TPC2 KO cells (Fig. 8).
This likely resulted from the delayed fusion of autophagosomes with lysosomes, as cargo
delivery to lysosomes were impaired in TPC deficient cells. Impairment in lysosome degradation
frequently leads to accumulation of lysosomal storage. In this study, remarkably greater levels
of lipofuscin and cholesterol were detected in TPC deficient cells than in WT cells (Fig. 9-10). It
is interesting to note that TPC1 KO cells had even slower autophagosome clearance than TPC2
KO cells, indicating that TPC1 may play a more important role in this process. TPC1 has been
demonstrated as being abundantly expressed in recycling endosomes [Rietdorf et al., 2011] and
suggested to provide Ca2+ for recycling endosome trafficking events [Castonguay et al., 2017].
A large number of recent studies have demonstrated that fusion with recycling endosomes is a
critical step of autophagosome maturation [Knævelsrud et al., 2013; Longatti and Tooze, 2012;
Puri et al., 2013; Puri et al., 2014; Puri et al., 2018; Puri et al., 2020]. Hence TPC1 in recycling
endosomes might facilitate autophagosome maturation. It is possible that TPC1 in endosomes
and TPC2 in lysosome sequentially control the maturation of autophagosomes by regulating
Ca2+ release from these compartments (Fig. 11).
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Figure 11. Model of Ca2+ signals generated via TPC1 and TPC2 sequentially regulate autophagosome
turnover.
Collectively, my results suggest that both TPC1 and TPC2 are required for proper
lysosomal functions. Defects in either TPC1 or TPC2 leads to impaired lysosomal cargo delivery
and compromised lysosomal degradation. Consequently, TPC deficient MEF cells bear
excessive lysosomal storage with accumulation of lipofusion and cholesterol as well as enlarged
lysosomes. Indeed, the lysosomal pH is not truly affected in TPC deficient cells; rather, the
apparent “higher” lysosomal pH measured using currently the most common protocol is another
consequence of defective cargo delivery to the lysosomes.
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Chapter 4

TPC1 and TPC2 are required for proper sensing of amino acids by mTORC1

1. Introduction
Autophagy is tightly regulated by mTORC1, and aberrantly enhanced or defective
autophagy has been implicated in various pathological conditions, such as cachexia and
neurodegenerative diseases [Sandri et al., 2013; Kao et al., 2017; Lie et al., 2019]. During
starvation, cells rely on autophagy to degrade unwanted proteins and organelles to regenerate
building blocks such as amino acids and lipids, which will then be utilized in essential synthetic
pathways necessary for cell survival. Importantly, the resumption of the essential synthetic
pathway is driven by mTORC1 reactivation, which also attenuates autophagy to reduce
unnecessary catabolism [Yu et al., 2010]. The amino acid-regulated mTORC1 activation is a
signaling system that matches nutritional availability to cell growth and metabolism. Thus,
properly sensing amino acids is critical for correctly navigating cells to steer between catabolism
and anabolism. Interestingly, albeit cytosol is the main reservoir of amino acids, the sensing of
amino acids by mTORC1 originates from the lumen of lysosomes. Since newly generated amino
acids via autophagy are also exported from lysosomes to the cytosol to fulfill the needs of
cellular synthetic pathways [Wyant et al., 2017), there seems to be a need to regulate amino
acid homeostasis in the lysosomal lumen so that proper levels of amino acids are available in
the lumen and cytosolic to coordinate mTORC1 activation.
Although a number of proteins have been identified to transduce the information about
the availability of amino acids in the lysosomal lumen to mTORC1, what regulates lysosomal
amino acid levels remains largely mysterious. It has been demonstrated that genetic knockout
of TPC2 causes skeletal muscle atrophy and impaired autophagy in mice [Lin et al., 2015]. In
humans and mice, both TPC1 and TPC2 mediate Na+ efflux from endolysosomes, and their
channel activities are inhibited by mTORC1 [Cang et al., 2013]. Recently, SNAT7 and SNAT9,
two amino acid transporters belonging to the SLC38 family of sodium-dependent neutral amino
acid transporters (SNATs), were identified to be localized on the lysosomal membranes, raising
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the possibility that by conducting Na+ efflux, TPCs might impact the transporter activities of
these lysosomal SNATs, thereby regulating lysosomal amino acid dynamics and hence
mTORC1 activation (Fig. 12).
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Figure 12. Model of TPC regulation of Na+-dependent amino acid transport that controls lysosomal
luminal amino acid accumulation and mTORC1 activity. In WT cells, during amino acid shortage,
mTORC1 activity decreases, which lifts its inhibition on channel activity of TPCs, leading to Na+ efflux
from the lysosomes. The decrease in lysosomal Na+ concentration reduces the transporter activity of Na+dependent amino acid transporter and hence attenuates amino acid export from the lysosome. As amino
acids are regenerated via protein degradation in the lysosome, the reduced export allows the amino
acids to accumulate in the lysosomal lumen, which when reaching to a sufficient level facilitates mTORC1
reactivation. In TPC KO MEF cells, during amino acid shortage, luminal Na+ remains high and the Na+dependent amino acid transporters remain active to export amino acids from the lysosome. As a result,
the newly generated amino acids from protein degradation do not accumulate in the lysosomal lumen,
making it harder for mTORC1 to reactivate.
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2. Results
2.1 Signaling alterations in TPC dKO MEF cells
2.1.1 Differential changes of signaling molecules in WT and TPC dKO MEF cells in
response to short-term starvation
Reverse phase protein array (RPPA) [Creighton and Huang, 2015] is a high throughput
protein analysis method that targets low abundance proteins with largely increased sample size.
RPPA analyzes nanoliter amounts of samples for hundreds of proteins including total and
phosphorylated proteins. Therefore, the RPPA analysis provides an opportunity to screen for
changes in the function and expression of many key proteins involved in metabolism due to
genetic alterations and/or environmental stress.
To learn how TPCs regulate cellular metabolism, I subjected the WT and dKO MEF cells
to RPPA. Cells were either cultured in the normal culture conditions (Fed) or deprived with
serum and amino acids (Starved) for 1 hour before cell lysates were prepared for RPPA
analysis. Of the 210 well-characterized antibodies included in the RPPA assay, 68 (32%) are
phosphorylation site specific antibodies. Therefore, this assay is not only useful for analyzing
alterations in protein expression but also particularly suitable for detecting changes in the
activities of certain proteins and signaling pathways.
Consistent with a reduced anabolism, serum and amino acid deprivation of WT MEF
cells led to changes in the levels of many proteins and phosphoproteins, with reduction clearly
being more pronounced than augmentation (Fig. 13A). Among the 45 proteins and
phosphoproteins that exhibited ≥30% changes, 28 showed reduction and 17 displayed
enhancement. More interestingly, of the top 10 most reduced ones (Fig. 13B), 8 are
phosphoproteins, i.e. p-Erk1/2(T202/Y204) (98.4% decrease), p-p70S6K(T389) (94.9%
decrease), p-p70S6K(T412) (94.7% decrease), p-Akt(S473) (88.0% decrease), pSAPK/JNK(T183/Y185) (64.1% decrease), p-Akt(T308) (62.1% decrease), p-SHC(Y317)
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(62.0% decrease), p-mTOR(S2448) (61.3% decrease). When normalized to the total protein
levels, if available, the reductions in the activity were also confirmed for p-Erk1/2/Erk1/2
(98.5%), p-p70S6K(T389)/p70S6K (92.2% decrease), p-p70S6K(T412)/p70S6K (95.0%
decrease), p-Akt(S473)/Akt (90.1% decrease), mTOR(S2448)/mTOR (67.5%), suggesting that
the total levels of these proteins did not change due to the short-term (1 hour) starvation. This
also validates that the protein concentrations across the samples are comparable. The two
proteins that showed large reductions in the total amount, Sin3b (88.3% decrease) and c-Jun
(67.2% decrease), are both transcription regulators. On the other hand, of the top 10 most
upregulated ones (Fig. 13C), only one is a phosphoprotein, i.e. p-PDGFRβ(Y751) (55.5%
increase), but after normalization with the total protein, p-c-Fos(S32)/c-Fos (77.7%), p-cJun(S63)/c-Jun (59.3%), p-Bad(S136)/Bad (48.8%), p-β catenin/β catenin (46.5%), and pStat6(Y641)/Stat6 (38.3%) showed obvious increases.
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Figure 13. Effect of short-term starvation on protein expression of WT MEF cells. (A) Heatmap of RPPA
results of 210 validated antibodies from WT MEF cells (A). Lysates were prepared from WT MEF cells
cultured under fed conditions or starved of serum and amino acids for 1 hour. Quadruplicates were made
for each condition. Color corresponds to per-signal intensity normalized to the average of the fed
samples. Each row represents one protein/phosphoprotein and rows are arranged from the top to
bottom based on the lowest-to-highest normalized signals in the starved samples. (B) List of 10 most
downregulated proteins/phosphoproteins by starvation in WT MEF cells. (C) List of 10 most upregulated
proteins/phosphoproteins by starvation in WT MEF cells. Lower panels in (B) and (C) show proteins that
were most downregulated or upregulated by starvation, respectively, in TPC dKO MEF cells. Their %
changes in WT cells in response to starvation are indicated here for comparison with that shown in Fig.
14.
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Compared to the WT cells, TPC dKO MEF cells responded to the same starvation
treatment with more pronounced changes in the levels of protein expression and
phosphorylation (Fig. 14A). Of the 91 proteins and phosphoproteins that exhibited ≥30%
changes, 22 showed reduction and 69 displayed enhancement. The top 10 most reduced
proteins (Fig. 14B), especially the phosphorylated ones, are similar to that of the WT MEF, with
exceptions of vimentin (-70.9%), p-Aurora (-51.2%), and BRCA1 (-49.1%), which in starved WT
cells had -11.7%, +14.0%, and +4.5% changes, respectively (Fig. 13B). However, upon
starvation, c-jun levels increased 55.2% in TPC dKO cells upon starvation, contrasting to the
67.2% decrease in WT cells (Fig. 13C). The top 10 most increased ones (Fig. 14C) are quite
different and the extents of the increases (e.g. up to 5-fold for Slug) are generally higher in the
TPC dKO than WT cells. The most striking differences were found for p-c-Jun(S63)/c-Jun, which
was decreased by 62.0% in the TPC dKO but increased by 59.3% in WT MEFs mainly because
of the large difference in the alteration of total c-Jun levels as stated above, and pcaveolin/caveolin, which was increased by 37.4% in the dKO but decreased by 43.4% in WT
cells due mostly to the increase (+39.9%) in the dKO but decrease (-59.3%) in WT cells in the
p-caveolin levels.
The above data suggest that a rather widespread homeostatic changes in the
expression and function of many signaling molecules involved in metabolism, cell cycle
regulation, and proliferation occurred in the TPC dKO MEF cells, resulting in significantly altered
responses to serum and amino acid deprivation as compared to WT cells. The dramatically
broader spectrum of upregulated signaling events in the TPC dKO cells in response to shortterm starvation suggests that the signaling network might be less stable in TPC dKO than in WT
cells. It is worth noting that some of the most upregulated signaling proteins in TPC dKO cells
are related to mTORC1. Considering that mTORC1 is the master regulator of cell metabolism,
including protein synthesis, changes in mTORC1 activity under the fed conditions could be the
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primary reason for the differential response patterns to starvation between the WT and TPC
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Figure 14. Effect of short-term starvation on protein expression of WT MEF cells. (A) Heatmap of RPPA
results of 210 validated antibodies from TPC dKO MEF cells. Lysates were prepared from TPC dKO MEF
cells cultured under fed conditions or starved of serum and amino acids for 1 hour. Quadruplicates were
made for each condition. Color corresponds to per-signal intensity normalized to the average of the fed
samples. Each row represents one protein/phosphoprotein and rows are arranged from the top to
bottom based on the lowest-to-highest normalized signals in the starved samples. (B) List of 10 most
downregulated proteins/phosphoproteins by starvation in TPC dKO MEF cells. (C) List of 10 most
upregulated proteins/phosphoproteins by starvation in TPC dKO MEF cells. Lower panels in (B) and (C)
show proteins that were most downregulated or upregulated by starvation, respectively, in WT MEF
cells. Their % changes in TPC dKO cells in response to starvation are indicated here for comparison with
that shown in Fig. 13.

2.1.2 Homeostatic alterations of signaling molecules between WT and TPC dKO MEF
cells
To learn what homeostatic changes occurred in the TPC dKO MEF cells, I compared the
levels of proteins and phosphoproteins in the two cell lines under the fed conditions. About 28%
(59/210) of the proteins and phosphoproteins assessed by RPPA displayed ≥30% changes
between WT and TPC dKO MEF cells, with 34 showing decreases and 25 showing increases in
the dKO cells (Fig. 15A). Of the top 10 most decreased proteins in the TPC dKO MEF cells,
LC3A (-79%) [Bai et al., 2012], FoxO1 (-74%) [Zhao et al., 2010], integrin α5 (-72%) [Vlahakis
and Debnath, 2017], Sin3b (-71%) [Bartholomew et al., 2012], caveolin-1 (-64%) [Shi et al.,
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2015], Wnt5a (-63%) [Jati et al., 2018], VEGFR2 (-59%) [Liu et al., 2017], Cox-2
(cyclooxygenase-2, -55.8%) [Niranjan et al., 2018], GLS-1 (glutaminase-1, -56%) [Villar et al.,
2015], and Bax (-50%) [Karch et al., 2017], all have been implicated in autophagy regulation,
although not necessarily in the same direction, meaning acting as a negative regulator.
Interestingly among them, only Sin3b showed a robust decrease in response to short-term
starvation in the WT MEF cells (Fig. 13B), and the others did not change much in the starved
WT cells, indicating that many of these decreases were due to long-term homeostatic changes
rather than an immediate response to an increase in basal autophagy in the dKO cells.
Similarly, the top 10 most upregulated proteins, STAT1 (+315%) [Goldberg et al., 2017;
Fielhaber et al., 2009], SOX9 (+295%) [Mateo et al., 2017; Iezaki et al., 2018], Atg7 (+92.9%)
[Taherbhoy et al., 2011], FSP1/S100A4 (+92.7%) [Hou et al., 2018], FGFR1 (+91.4%) [Yuan et
al., 2017], Ki67 (+73.4%) [Oikonomou et al., 2019], Hypoxia-inducible factor-2α (HIF-2α,
+65.8%) [Bohensky et al., 2009; Preitschopf et al., 2016], ASH2 (+55.8%) [Wysocka et al.,
2003], integrin β1 (+48.0%) [Tuloup-Minguez et al., 2010], and PDGFRβ (+46.2%) [Wilkinson et
al., 2009], are also known to be involved in autophagy and/or cell proliferation. Aside from Atg7
(+32.0% in starved WT cells), FGFR1 (+37.5%), integrin β1 (+96.0%), and PDGFRβ (+61.2%)
(Fig. 15C), the other increased proteins found in fed TPC dKO cells did not show enhancement
in response to short-term starvation in WT MEF cells, suggesting that they represent
homeostatic changes associated with the loss of TPCs.
The levels of phosphorylated proteins revealed interesting resemblance in changes that
occurred in the fed TPC dKO cells to that in the starved WT cells. For example, p-Erk1/2
(T202/Y204), p-caveolin-1(Y14), p-SAPK/JNK(T183/Y185), p-Akt(S473), p-Stat3(S727), pp70S6K(T389), p-p70S6K(T412), and p-SHC (Y317) levels were decreased by 50.2%, 47.9%,
46.9%, 46.7%, 41.5%, 38.8%, 38.8%, and 36.7%, respectively, in fed TPC dKO MEFs as
compared with the fed WT cells. These were also markedly decreased in the starved WT cells
(Fig. 15D). Moreover, p-Chk(S345), p-c-Fos(S32), and p-p53(S15) levels were increased in
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TPC dKO cells by 80.2%, 40.8%, 36.6%, respectively, which in starved WT cells mounted to
49.1%, 26.8%, and 30.8% increases as well. However, although p-Aurora, p-Axl(Y702), p-βcatenin(S33/37/T41), and p-ALK(Y1604) levels were increased in the fed TPC dKO MEFs by
114%, 67.1%, 59.3%, and 41.4% respectively, they were not increased in starved WT cells.
Notably, the short-term starvation induced far greater decreases in the phosphorylation of major
metabolic enzymes, such as Erk1/2, p70S6K, and AKT, in WT MEF cells than that found in fed
TPC dKO cells, indicating that the dKO cells only exhibited a partial elevation in basal
constitutive autophagy, in line with the impaired autophagy termination found in TPC2-defiecient
skeletal muscles [Lin et al., 2015].
Of those that showed decreases in the absolute levels of phosphorylation in fed TPC
dKO cells when compared to the WTs, after normalization of the individual phosphoproteins with
the respective total proteins, only p-p70S6K(T412)/p70S6K, p-p70S6K(T389)/p70S6K, and pErk1/2/Erk1/2 ratios displayed obvious decreases. The others, e.g. caveolin, AKT and mTOR,
did not show marked decreases because of the corresponding reductions in the total protein. In
addition, the relatively large increases in the total Stat1 (+315%) and p27KIP1 (+46%) proteins
also led to great decreases in the p-Stat1(Y701)/Stat1 and p-p27(T187)/p27 ratios in the fed
TPC dKO cells. Of those that showed increases in the absolute levels of phosphorylation in the
fed TPC dKO cells, p-c-Fos(S32)/c-Fos, p-Stat6(Y641)/Stat6, and p-β catenin/β catenin
decreased similarly in starved WT cells. However, the 133%, 54.9%, 38.9% increases in paurora/aurora, p-ALK(Y1604)/ALK, and p-c-Met(Y1234/1235)/c-Met ratios, respectively, in the
fed TPC dKO cells were not seen in starved WT cells. Moreover, the increases in the pAxl(Y702)/Axl (+105%) and p-caveolin/caveolin (+43.6%) ratios found in the fed TPC dKO cells
were seen, respectively, as 19.4% and 43.4% decreases in the starved WT MEF cells (Fig.
15E). Collectively, these data indicate that the loss of TPCs not only led to changes in the
activities of metabolic proteins that reflect persistently increased autophagic flux, likely due to
the impairment in mTORC1 reactivation [Lin et al., 2015], but also other homeostatic changes
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that are either secondary to the enhanced autophagic flux and/or reduced mTORC1 signaling,
or necessary for cell survival under conditions of TPC deficiency. Further exploration of the
mechanistic underpinning of these changes will improve our understanding of metabolic
regulation and TPC functions and shed lights on new strategies to treat metabolic diseases.
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Figure 15. Homeostatic changes in fed TPC dKO MEF cells. (A) Heatmap of RPPA results of 210 validated
antibodies from fed WT and TPC dKO MEF cells. (B) and (C) List of 10 most downregulated (B) and
upregulated (C) proteins in TPC dKO MEF cells as compared with WT controls. (D) and (E) List of 10 most
downregulated (D) and upregulated (E) phosphoproteins in TPC dKO MEF cells as compared with WT
controls.
2.2 TPC deficiency impairs mTORC1 reactivation during long-term starvation and in
response to nutrient replenishment.
In Chapter 3, I demonstrated that TPC deficient cells have defects in autophagosome
turnover and cargo delivery to the lysosomes. During starvation induced autophagy,
autolysosomes carry out degradation function to generate nutrients. When sufficient amounts of
nutrients are generated, mTORC1 recovers, which reactivates essential synthetic pathways and
attenuates/terminates autophagy at the same time. The loss of TPC2 in skeletal muscles
impairs mTORC1 reactivation during serum and amino acid starvation [Lin et al., 2015] and the
RPPA data described above suggest that not only do TPC dKO MEF cells have elevated basal
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autophagy under normal culture conditions, but they respond differently to serum/amino acid
starvation from WT cells. To test whether MEF cells with TPC deficiency also exhibit altered
response to amino acid starvation without taking away serum which provides essential growth
factors to support survival, I incubated WT, TPC1 KO, TPC2 KO and TPC dKO MEF cells in an
amino acid-free medium containing 10% FBS for different time periods up to 12 hours.
mTORC1 activities were assessed by measuring phospho p70S6K(T389) (pS6K) levels in the
cells using Western blotting. As indicated by the pS6K/total S6K ratios, after 1-hour starvation,
mTORC1 activity of WT MEF cells decreased to a nominal level, which recovered to ~15% of
the original level at the 8th hour and then declined again (Fig. 16). The transient recovery
presumably represents a short period of mTORC1 reactivation and hence the resurgence of
essential synthetic pathways making use of amino acids regenerated via autophagy. In TPC1
KO, TPC2 KO or TPC dKO MEF cells, however, I did not observe any significant recovery of
mTORC1 activity during the 12-hour time period of the amino acid starvation (Fig. 16).
Therefore, the loss of TPCs in MEF cells impairs mTORC1 reactivation in the absence of amino
acids, similar to that shown for TPC2 KO skeletal muscle cells under conditions of total
starvation [Lin et al., 2015].
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Figure 16. mTORC1 failed to reactivate during 12 hour amino acid withdrawal. WT, TPC1 KO, TPC2 KO,
TPC dKO MEF cells were subjected to 12 hour amino acid starvation in amino acid-free DMEM
supplemented with 10% dialyzed FBS. Representative Western blots of pS6K (T389) and total S6K.

The RPPA assay showed that while phosphorylations of p70S6K at T389 and T412 are
downregulated, that of AKT (T308 and S473), AMPKα (S485), AMPKβ (S108), PTEN (S380) or
mTOR (S2448) are not significantly changed in fed TPC dKO MEF cells as compared to WT
counterpart (Fig. 17), suggesting that signaling inputs through growth factors and ATP may not
be affected by the loss of both TPC1 and TPC2. Thus, the deficiency in mTORC1 reactivation
found in TPC KO cells might result from the inability to sense amino acids, a function known to
be carried out by a set of machinery that resides in the lysosomes. Given that mTORC1
activation requires amino acids sensing from lysosomal lumen, which is mediated by the
recently characterized Na+-dependent amino acids transporter (SNAT), SNAT9, it is possible
that by releasing Na+ from lysosomes, TPCs might act to suppress amino acids transport and
thereby allow amino acids generated from degradation to accumulate inside the lysosomes
during the early stage of starvation-induced autophagy.

46

WT Fed
Normalized Signal Intensity

1.5

ns

ns

ns

ns

ns

KO Fed
ns

ns

ns

ns

**

*

1.0

0.5

pA

kt
(S
47
pA
kt 3)
p(T
A
M
PK 308
p)
a(
A
M
PK T17
pa1 2)
A
(
M
PK S48
5)
b
p- 1(S
PT
1
EN 08)
pp- mT (S3
O
80
M
EK R(
S2 )
1/
4
2(
S2 48)
1
p- 7/2
21
S6
)
K
(S
p3
71
S6
)
K
(
T3
p89
S6
)
K
(T
41
2)

0.0

Figure 17. Comparison of mTORC1-related signaling proteins measured by RPPA between WT and TPC
dKO (KO) MEF cells under fed conditions. Data are presented as means ± SEM. ns, not significant,
*p<0.05, **p<0.01 by Student’s t test.
To test this possibility, WT and TPC deficient MEF cells were starved for 1 hour in the
amino acid-free medium to allow the mTORC1 activity to decrease to the nominal level. The
amino acids were resupplied by switching to normal culture medium. mTORC1 reactivation was
measured over the time course of 30 mins after amino acid replenishment based on pS6K/S6K
ratios. mTORC1 activation is dependent on amino acid abundance at both cytoplasmic and
luminal sides of the lysosomes. We reasoned that with the cytosolic amino acids brought down
to the minimal level after the 1-hour starvation, the luminal amino acid contents may strongly
impact the rate of mTORC1 recovery when cytosolic amino acids become available again upon
re-introduction of amino acids to the medium. Interestingly, while in WT MEF cells, mTORC1
activity restored to ~75, 90, and 100% of the basal level within 5, 10, and 20 minutes,
respectively, in TPC1 KO MEF cells, it recovered to ~60, 75, and >90% of the basal level within
5, 20, and 30 minutes. In TPC2 KO MEF cells, mTORC1 recovery upon readdition of amino
acids was even slower, reaching only ~50 and 75% of the basal level in 10 and 20 minutes,
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respectively, but at 30 minutes, the recovery was complete. In TPC dKO MEF cells, mTORC1
recovery was the slowest, reaching only ~40 and 80% of the basal level in 10 and 30 minutes,
respectively (Fig. 18A-B). These results suggest that amino acid contents in the lysosomal
lumen are less abundant, or of different compositions, in TPC deficient cells than that in WT
cells, consistent with the idea that TPCs facilitate amino acid retention in lysosomes during
autophagy.
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Figure 18. TPC deficient cells show delayed mTORC1 reactivation during amino acid replenishment.
WT, TPC1 KO, TPC2 KO and TPC dKO MEF cells were pre-incubated in the amino acid-free DMEM for 1
hour to allow mTORC1 activity to decrease. The starvation medium was then replaced with the complete
DMEM. For control treatment (labeled as C), media was replaced with the complete DMEM 1 hour
before collecting lysates. pS6K and total S6K levels were measured over a period of 30 mins after amino
acid readdition by Western blotting. (A) Representative Western blots of pS6K and total S6K. LE, low
exposure; HE, high exposure. (B) Quantification of pS6K/S6K for experiments in (A), expressed as means ±
SEM for n = 3 experiments.

2.3 Upregulated SNAT9 level in TPC dKO MEF cells abolished sensing of arginine by
mTORC1
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Figure 19. TPC dKO MEF cells are unable to sense arginine (Arg) deprivation. (A) Representative
Western blots of pS6K and actin for WT and TPC dKO MEF cells starved of arginine for 1 hour. (B)
Representative Western blots of pS6K and actin of TPC dKO MEF cells, with or without Flag-SNAT9
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overexpression. Cells were subjected to Arg or total amino acid (AA) starvation for 1 hour before lysates
were prepared.
Arginine is one of the essential amino acids required for mTORC1 activation [Wang et
al., 2015]. Since TPC dKO cells showed delayed mTORC1 activation during amino acid
starvation-replenishment, I tested whether the TPC dKO cells would respond differently with
respect to mTORC1 activity during arginine deprivation-readdition. Surprisingly, while 1-hour
withdrawal of arginine from the culture medium decreased pS6K/S6K ratio, i.e. mTORC1
activity, by ~60% in WT MEF cells, it did not alter mTORC1 activity in TPC dKO MEFs, showing
a lack of sensitivity to arginine of the TPC deficient cells (Fig. 19A). There are two possibilities
for the TPC dKO cells not to be sensitive to arginine starvation: 1) they are unable to sense
arginine and therefore always behave as in the arginine-starved conditions, even when arginine
is available; or 2) the arginine sensors of TPC deficient cells are easily saturated by arginine so
that the removal of this amino acid from the medium is readily detected.
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Figure 20. TPC dKO MEF cells regained arginine sensitivity after shRNA-mediated knockdown of
SNAT9, but not that of Castor 1. (A) Representative Western blots of pS6K and actin in TPC dKO MEF
cells infected with lentivirus expressing with shRNA for Castor 1 (two shRNAs, shC_1 and shC_2) and
SNAT9 (two shRNAs, shS9_1, shS9_2). Cells were maintained in normal culture medium (+) or starved of
arginine for 1 hour (-). (B) Representative Western blots of SNAT9 and actin of WT and TPC dKO MEF
cells. As indicated, some of the TPC dKO cells were expressing shRNAs for SNAT9 (S9_1 and S9_2) and
Castor1 (C_1).
Arginine sensing by mTORC1 is carried out by SNAT9 in the lysosomal lumen and by
Castor 1/2 complex in the cytosol [Wang et al., 2015; Chantranupong et al., 2016]. It was
demonstrated that overexpressing SNAT9 in cells can bypass the need for arginine to activate
mTORC1 in multiple cell types, and even during complete amino acid removal, SNAT9
overexpression partially restores mTORC1 activity [Jung et al., 2015; Rebsamen et al., 2015;
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Wang et al., 2015]. Therefore, if TPC dKO cells were unable to sense arginine, overexpression
of SNAT9 would overcome this deficit and increase mTORC1 activity even in the presence of
arginine. However, I found that heterologous expression of Flag-tagged SNAT9 (Flag-SNAT9)
did not increase mTORC1 activity in TPC dKO MEF cells cultured in either the complete
medium or the arginine-free medium, although it had a partial rescue effect on those cultured in
the amino acid-free medium for 1 hour (Fig. 19B). Therefore, arginine sensing does not appear
to underlie the lack of response of TPC dKO cells to arginine deprivation. I then tested the effect
of knocking down SNAT9 or Castor 1 in the TPC dKO cells via shRNA. Interestingly, knocking
down SNAT9, but not Castor 1, restored sensitivity of mTORC1 to arginine starvation in TPC
dKO MEF (Fig. 20A), implicating alterations in luminal sensing of arginine in the TPC deficient
cells. By immunoblotting, I found that TPC dKO MEF cells expressed ~2-fold SNAP9 protein
compared with the WT under normal culture conditions (Fig. 20B), indicating that TPC
deficiency leads to upregulation of SNAT9. Intriguingly, prolonged (~48 hr) amino acid
starvation, but not serum starvation, also dramatically increased SNAT9 expression in MEF
cells (Fig. 21A-B). These results suggest that cells upregulate SNAT9 expression to cope with
the shortage of amino acids, likely arginine, to sustain anabolism and the same also happens
due to the loss of TPCs. Given that SNAT9 is strictly involved in sensing amino acids in the
lysosomal lumen, the likely reason for the TPC deficient cells to behave as amino acid-deprived
WT cells in this way would be reduced luminal amino acid contents in the mutant cells, an
interpretation consistent with the findings based on the rates of mTORC1 reactivation upon
amino acid replenishment as shown in Fig. 18.
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Figure 21. SNAT9 expression is upregulated in both fed TPC dKO and amino acid starved WT MEF cells.
(A)-(B) Representative Western blots of SNAT9 and actin of WT (A) and TPC dKO (B) MEF cells cultured in
complete medium, amino acid free DMEM (-AA) or FBS-free DMEM (-FBS) for 48 hours.
2.4 TPC1 and TPC2 are required for proper lysosomal amino acid accumulation
To test whether TPCs regulate the abundance of lysosomal amino acids, I directly
measured the amino acid contents in lysosomes of WT and TPC dKO MEF cells. To purify
lysosomes, I first developed a new method together with Dr. Jingquan He in Prof. Guangwei
Du’s lab, in which a Lyso-2Strep probe and streptavidin magnetic beads are used to allow
lysosome purification from cell lysates within as little as 8 minutes (detailed methodology
described in Chapter 5). The fast speed helps minimize the loss of lysosomal contents and
degradation. The amino acid contents in the purified lysosomes were then analyzed by mass
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Figure 22. The levels of lysosomal amino acids are reduced in TPC dKO MEFs as compared to WT cells.
WT and TPC dKO (KO) MEF cells were cultured in either complete or amino acid-free DMEM for 6 hours.
Lysosomes were isolated using the Lyso-2Strep method (Xiong et al., 2019), followed by amino acid
analysis using mass spectrometry. The total amino acid contents were normalized to the level of LAMP2
in the purified lysosomes determined by Western blotting. Data represent results of individual
experiments and means ± SEM. *p<0.05, **p<0.01 by one-way ANOVA.
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To compare lysosomal amino acid contents in WT and TPC deficient cells, WT and TPC
dKO MEF cells with inducible expression of the Lyso-2Strep probe were generated. Cells were
cultured either in the complete culture medium or in the amino acid-free medium for 6 hours.
Then lysosomes were isolated from these cells using the rapid purification method as described
[Xiong et al., 2019 and Chapter 5] and used for mass spectrometric analysis in the
metabonomic core at Baylor College of Medicine. The total lysosomal amino acid contents in
TPC dKO MEF cells showed ~50% reduction compared to that in WT cells under fed conditions.
With 6 hour starvation, whereas the total amino acids in lysosomes did not change significantly
in WT cells, that in TPC dKO cells were further decreased by ~70% as compared to the WT
cells either fed or starved (Fig. 22). Thus, the TPC deficient cells contain less amino acids in
their lysosomes than the WT cells under fed conditions and this deficit is further exacerbated by
amino acid deprivation. However, the WT MEF cells are able to maintain a constant level of
lysosomal amino acids, at least at the 6th hour of amino acid starvation.
With respect to individual amino acids, glycine, cysteine, tyrosine, glutamate,
phenylalanine, asparagine and tryptophan were significantly decreased in TPC dKO as
compared to WT MEF cells under fed conditions. Valine, leucine/isoleucine also tended to
decrease in the TPC dKO cells but the changes did not reach statistical significance (Fig. 23).
Intriguingly, the WT cells showed preferential accumulation of alanine, aspartate, glycine,
histidine and serine in lysosomes after the 6-hour amino acid starvation, with concomitant
decreases in arginine, asparagine, glutamate, glutamine, leucine/isoleucine, lysine, methionine,
phenylalanine, threonine, tryptophane, tyrosine, and valine (Fig. 23). However, except for
glycine, the TPC dKO cells did not accumulate any other amino acids following the 6-hour
amino acid deprivation. Rather the lysosomal contents of alanine, aspartate, histidine and serine
remained unchanged and that of the other amino acids were further decreased in the mutant
cells after the amino acid starvation (Fig. 23). These findings suggest that during the long-term
(6-hour) amino acid shortage, lysosomes preferentially retain certain amino acid species and
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this ability is impaired in TPC deficient cells, supporting a role of TPCs in facilitating lysosomal
amino acid accumulation under amino acid deprived conditions.
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Figure 23. Relative levels of individual amino acid species in lysosomes of WT and TPC dKO MEF cells
under fed and amino acid-starved conditions. Data are from the same samples as that shown in Fig. 22,
with the levels of individual amino acids normalized to that of the same species in fed WT cells. Data are
means ± SEM of n>= 3 measurements. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, by one-way
ANOVA.
3. Discussion ¾ Regulation of lysosomal accumulation of amino acids by Two Pore
Channels and implications in mTORC1 activation
Sensing of amino acids by mTORC1 originates from the lysosomal lumen. At least 3
factors influence the abundance of lysosomal luminal amino acids: 1) the number and
composition of amino acid transporters in the lysosomal membrane; 2) the degradation capacity
of the lysosome to generate amino acids, including the levels of hydrolases and the pH of the
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lysosome; 3) the composition of luminal ionic regulators that regulate the activity of amino acid
transporters.
My results of lysosomal amino acid measurement revealed that lysosomes in the WT
MEF cells contain twice as much amino acids as the TPC dKO MEF cells under fed conditions
and about three times as much during amino acid starvation. A recent study demonstrated that
lysosomal accumulation of leucine/isoleucine, valine, tyrosine, phenylalanine, and tryptophan is
controlled by the activity of mTORC1, possibly through regulation by SNAT9 [Abu-Remaileh et
al., 2017]. This portfolio of amino acids is highly consistent with what we observed to be
decreased in lysosomes of TPC dKO MEF cells (Fig. 23), implicating that TPCs might regulate
the activity of SNAT9 to change the abundance of these amino acids. In addition to possibly
high lysosomal luminal Na+ levels due to the loss of TPCs, I noticed an increased level of
SNAT9 protein in the lysosomal membrane of TPC dKO cells (Fig. 20B), which not only reduces
the luminal amino acid requirement for supporting mTORC1 activity, but may also facilitate the
efflux of its substrate amino acids, resulting in a lower level of lysosomal amino acids.
Interestingly, all basic amino acids, including arginine, histidine and lysine, which are
substrates of lysosomal amino acid transporter PQLC2 [Jézégou et al., 2012], exhibited lower
levels in the TPC deficient lysosomes than the WT after 6 hour amino acid starvation, while they
displayed comparable levels between WT and TPC dKO cells under fed conditions. This
suggests that TPCs may also regulate the transporter activity of PQLC2 in an amino acid
dependent manner. Lysosomal cysteine level was higher in WT than TPC dKO cells under fed
conditions. Starvation further increased lysosomal cysteine in WT but not in the TPC dKO cells,
suggesting that cystinosin, the lysosomal cysteine transporter [Kalatzis et al., 2001] may also be
regulated by starvation and this may involve the channel activity of TPCs. Besides, WT
lysosomes showed the higher asparagine level in fed condition and higher glutamine levels in

54

starvation condition than in TPC deficient ones suggest that TPCs may also affect transporter
activity of SNAT7, the lysosomal asparagine and glutamine transporter [Verdon et al., 2017].
Regulation of TPCs by mTORC1 has been established by multiple studies [Cang et al.,
2013; Ogunbayo et al., 2018]. Here we show a previously unappreciated role of mTORC1
regulation by TPCs, as the loss of TPCs leads to defective accumulation of various amino acids,
resulting in dysregulation of amino acid sensing by mTORC1 in both fed and amino acid-starved
conditions (as presented in Fig 12). Reduced mTORC1 leads to 1) reduced synthesis and 2)
increased autophagy, both steering the metabolism towards catabolism. It seems that
intermittent starvation is especially detrimental to synthetic pathways in TPC deficient cells as
mTORC1 recovery in response to amino acid replenishment following starvation is slower in
these cells (Fig. 18 A-B).

Another possible cause of slower mTORC1 recovery in TPC deficient cells is that TPC
loss might lead to deregulation of lysosomal Ca2+, which has been implicated to play a role in
mTORC1 activation [Lin et al., 2015]. Additionally, then opening of TPCs releases Na+ from the
lysosomal lumen, which can strongly depolarize the lysosomal membrane [Cang et al., 2013;
Saminathan et al., 2020] and in turn activate other lysosomal calcium channels, such as
voltage-gated calcium channels [Tian et al., 2015]. Depolarization of lysosomal membrane
might also activate BK potassium channels [Cao et al., 2015b; Wang et al., 2017], which
facilitates Ca2+ release through another calcium-permeable channel, TRPML1. Future work on
investigating the roles of these channels in regulating mTORC1 activation will greatly expand
our knowledge on how lysosomal ion channels, especially Ca2+ channels, regulate cell
metabolism.
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Chapter 5

Novel Methods for Rapid Isolation of Organelles

1. Introduction
An ideal method for organelle purification should be fast, to minimize alterations of the
organellar structure and composition, and be able to produce pure and sufficient yield. However,
no current method could simultaneously fulfill these requirements. Some recent studies have
shown successful purification of mitochondria and lysosomes using bead-conjugated with
antibodies against an endogenous mitochondrial or lysosomal resident protein [Michelsen and
von Hagen, 2009; Franko et al., 2013], or against an epitope tag fused to the resident protein
[Zoncu et al., 2011; Chen et al., 2016; Abu-Remaileh et al., 2017; Ahier et al., 2018]. Antibody
affinity purification is fast and specific; thus, it overcomes some drawbacks of the traditional
subcellular fractionation approaches. However, antibody affinity purification requires a
substantial amount of the antibody. In addition, the elution of functional organelles is achieved
by the competition of a high concentration of the epitope peptide, which is usually not very
efficient.
One popular protein purification strategy is fusing the protein of interest to the Strep II
tag (WSHPQFEK), which mimics the strong interaction between biotin and streptavidin [Kimple
et al., 2013; Schmidt and Skerra, 2007]. Strep II-tagged proteins can be efficiently eluted by a
low concentration of biotin derivatives. The small Strep II tag is biologically inert and the binding
between the tagged proteins and streptavidin beads can take place under physiological
conditions. In addition to protein purification, the readily reversible interaction has allowed the
use of Strep II tag for the purification of live antigen-specific T cells [Liu et al., 2016]. The
recently generated streptavidin variant, Strep-Tactin XT, further increases the affinity of the
binding between two tandem Strep tags (twin strep tag) [Schmidt et al., 2013; Yeliseev et al.,
2017]. As compared to micromolar-to-nanomolar dissociation constant (Kd) for most commercial
epitope antibodies, such as FLAG, Myc, and HA [Schiweck et al., 1997; Einhauer and
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Jungbauer, 2001; Wegner et al., 2002; LaCava et al., 2015), twin strep tag features a
nanomolar-to-picomolar Kd towards Strep-Tactin XT while preserving reversibility of binding
[Yeliseev et al., 2017]. In addition, streptavidin is far more stable than antibodies as it is
resistant to almost any protease and to extreme pH [Bayer et al., 1990; Kimple et al., 2013],
which helps to reduce the waste of beads and obtain consistent results.
This chapter describes a new organelle isolation approach using the twin strep tag.
Using lysosomes as an example, this method can be used to monitor the transient lysosomal
association of signaling protein complexes as well as small molecule metabolites. As described
in Chapter 4, this method was utilized to measure the abundance of lysosomal amino acids in
WT and TPC dKO MEF cells under fed and amino acid-starved conditions.

2. Results
2.1 Design of a new affinity lysosome purification approach using twin strep tag

Figure 24. Schematic diagram of Lyso-2Strep and workflow of lysosome purification. The
expression of the fusion protein, LAMP1-mGFP-twin strep (Lyso-2Strep), is under the control of a
tetracycline-inducible promoter. Cells expressing Lyso-2Strep are rapidly harvested and
homogenized. Post-nuclear supernatants (PNS) are incubated with streptavidin magnetic beads for a
short period of time and analyzed after three washes.
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Many applications involved in organelle purification, such as evaluation of signaling
events and measurement of small molecule metabolites, require rapid recovery as well as
maintenance of organelles in the physiological conditions during purification and elution. To test
the use of twin strep tag in organelle purification, we fused the twin strep tag to the C-terminus
of a monomeric GFP (mGFP)-fused lysosome resident protein LAMP1 (Lyso-2Strep thereafter)
(Fig. 24). The cytoplasmic orientation of the twin strep would allow subsequent purification of
lysosomes using streptavidin beads (Fig. 24). All lysosomal membrane proteins are synthesized
in the rough endoplasmic reticulum and transported to trans Golgi network before they are
delivered to lysosomes [Braulke and Bonifacino, 2009]. The expression of Lyso-2Strep is under
the control of a tetracycline-inducible promoter, which offers the option of turning off the
transcription a few hours before lysosome isolation. This allows lysosomal delivery of newly
translated Lyso-2Strep protein, ensuring that the majority of them are delivered to lysosomes.
The inclusion of the inducible promotor also allows the control of the expression level of Lyso2Strep, thus minimalizing unexpected effects of overexpression of the exogenous Lyso-2Strep.
We generated HeLa stable cells that inducibly express Lyso-2Strep in response to doxycycline
after lentiviral infection and puromycin selection. Lyso-2Strep correctly localizes to lysosomes,
as demonstrated by its colocalization with the lysosomal membrane marker LAMP2 (Fig. 25).
This indicates that addition of the twin strep tag does not interfere with lysosomal targeting of
LAMP1 and Lyso-2Strep can be used for affinity purification of lysosomes.
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Figure 25. Lyso-2Strep targets to lysosomes. Fluorescent images of the GFP signal of Lyso-2Strep (green)
and immunofluorescent staining of LAMP2, a lysosomal marker (red), of HeLa cells stably expressing
Lyso-2Strep. Lyso-2Strep expression was induced by the addition of 1 µg/ml doxycycline to the cell
culture one day before staining and imaging. Scale bar = 20 μm.

2.2 Determination of the critical factors for lysosome purification using twin strep tag
We started to perform lysosome purification using the magnetic Strep-Tactin beads from
IBA Lifesciences (Cat # 6-5510-050). However, the recovery of lysosomes was extremely low.
We recognized that the beads we used had a diameter of 25 μm, which is commonly used for
protein purification. We reasoned that the size of the beads might affect the binding capacity of
lysosomes. We therefore tested the efficiency of lysosome isolation using streptavidin beads of
different sizes, i.e., 50 nm, 1 μm, 5 μm, and 25 μm diameters. To avoid the variations in the
bead materials, the quality of streptavidin, and conjugation efficiency, we purchased these
beads from the same company (Creative Diagnostics). I incubated equal amounts of the postnuclear supernatant (PNS) with beads of the same binding capacity but different sizes. I found
that the 1 μm diameter beads recovered most lysosomes, while other beads of either larger or
smaller sizes exhibited significantly lower lysosomal recovery (Fig. 26). This result suggests that
beads with a diameter of around 1 μm are critical to the efficient recovery of lysosomes using
affinity purification.
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LAMP2

Figure 21. Effect of bead sizes of lysosome purification. The same amount of PNS was incubated with
streptavidin beads of different diameters as indicated for 5 minutes. The volume of the beads for each
size was adjusted to have the same binding capacity. Lysosome abundance in the purified products was
determined by Western blotting for LAMP2, showing that 1 µm diameter beads are the most efficient.

To test the purity of the isolated lysosomes, we performed Western blot analysis for
protein levels of several organelle markers. I detected LAMP1 and LAMP2 in the purified
lysosomes, but not markers for mitochondria (SDHA and TOM20), endoplasmic reticulum
(SERCA and PDI), Golgi (Golgin-97 and GOLM1), peroxisomes (catalase and SLC27A2),
plasma membrane (PMCA2 and ATP1A1), and cytosol (S6K and MAPK1/2) (Fig. 27), indicating
no contamination by other organelles.

Figure 22. Purity of the lysosome preparation. Western blot analyses of PNS and products of purification
of Lyso-2Srep using 1 µm streptavidin beads for intracellular organelle markers: LAMP1 and LAMP2
(lysosomes, Lyso), SDHA and TOM20 (mitochondria, Mito), SLC27A2 and catalase (peroxisomes, Pex), PDI
and SERCA (endoplasmic reticulum, ER), Golgin-97 and GOLM1 (Goigi), ATP1A1 and PMCA2 (plasma
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membrane, PM), S6K and ERK1/2 (cytosol, Cyt). The purified lysosomes are free of contamination by
other organelles.

To test whether the purified lysosomes remain intact, I eluted the bound products from
the streptavidin beads with biotin and then stained them with LysoTracker, which selectively
labels acidic organelles [Chazotte, 2011a; Xiong and Zhu, 2016]. The vast majority of the
purified lysosomes were labeled by LysoTracker, indicating that they remain intact and maintain
a low luminal pH (Fig. 28). Therefore, the affinity purification of lysosomes using Lyso-2Strep is
a rapid, effective, and specific approach that maintains the intactness of the organelles.

Figure 23. Intactness of the purified lysosomes. Fluorescent images of lysosomes eluted from
streptavidin beads with 10 mM biotin and then labeled with LysoTracker (red). Lysosomes were isolated
from HeLa cells expressing Lyso-2Strep (green). Scale bar = 20 μm.

I then examined how incubation time and the amount of streptavidin beads affect
lysosome recovery efficiency. Starting from the same amount of PNS (100 µl), the incubation
with 30 µl beads for 2 minutes resulted in a yield of ~60% of total lysosomes (Fig. 29).
Prolonging the incubation to up to 30 minutes did not obviously increase the recovery of
lysosomes any further (Fig. 29), suggesting that the binding capacity of the beads approached
saturation very rapidly. The incubation time was further shortened by using 60 µl beads, leading
to a maximal recovery of lysosomes (60-70%) in as short as 30 seconds (Fig. 29). The total
isolation procedure, including cell collection and homogenization (<5 minutes), binding (0.5
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minutes) and washes (2 minutes), can be finished in less than 8 minutes (Fig. 24). These results
demonstrate that Lyso-2Strep allows for exceedingly rapid isolation of lysosomes, a feature that
can be extremely critical to some analyses, such as proteins bound to lysosomal surfaces and
small molecule metabolites in the lysosomal lumen.

LAMP2

Figure 24. Effects of incubation time and bead abundance on lysosome purification. The same amount
of PNS (100 µl) was incubated with 30 µl or 60 µl of 1 µm diameter streptavidin beads (Thermo Scientific)
for different time periods as indicated. The relative recovery efficiency of lysosomes was determined by
comparing the density of LAMP2 to that of PNS on the same Western blots.
2.3 Examination of nutrient-dependent regulation of mTORC1 subcellular locations using
purified lysosomes
Recent studies have suggested that lysosomal surface can be a platform for some
important signaling pathways, such as mTORC1 and TFEB [Settembre et al., 2012; Zoncu et
al., 2011]. mTORC1 is the master regulator of cell metabolism and has been demonstrated to
be transiently activated on the surface of lysosomes in responses to the increased levels of
intracellular nutrients, such as amino acids [Xiong and Zhu, 2016; Zoncu et al., 2011]. Since
nutrient-regulated mTORC1 association with lysosomes is transient and involves only a minor
fraction of the total cellular pool, directly analyzing the mTORC1 complex on the lysosomes
rather than that in whole cells would offer insights into mTORC1 activation and regulation. We
tested whether the purified lysosomes by Lyso-2Strep can capture the changes of the mTORC1
complex on lysosomes in HeLa cells cultured in normal, amino acid deprived, and amino acid
deprived/replenished growth media. Comparing to the normal culture medium, amino acid
starvation led to about 60% decrease of lysosome-associated mTORC1 components, mTOR
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and Raptor, which was restored by refeeding cells with amino acids (Fig. 30). Consistent with
the changes in lysosomal association of the mTORC1 components, the level of mTOR
phosphorylation at Ser2448, which indicates the activation status of mTORC1, on the isolated
lysosomes, was also decreased by 60% after the 1 hour amino acid starvation. Similarly, the
decrease in mTOR phosphorylation was restored by amino acid replenishment (Fig. 30). These
changes in mTORC1 on the isolated lysosomes are consistent with previous findings using a
different approach of lysosome isolation (Zoncu et al., 2011]. Therefore, lysosome isolation
using Lyso-2Strep offers an extremely powerful approach to study mTORC1 and other signaling
events occurring on the cytoplasmic leaflet of lysosomes.

Figure 5. mTORC1 association and activity in lysosomes purified from Hela cells. Western blot analysis
of mTOR, p-mTOR (S2448), LAMP1 and Raptor in the PNS (Input) and purified lysosomes (Lyso-Prep) of
HeLa cells cultured in normal growth medium (Fed), amino acid-free medium for 1 hour (Starved), or
amino acid-free medium for 1 hour followed by the normal growth medium for another hour (Refed).
Note the decreases in mTOR, p-mTOR, and Raptor in the Lyso-Prep of Starved samples. Representatives
of three independent experiments with similar results.
2.4 Affinity purification of mitochondria and peroxisomes using twin strep tag

Figure 6. Schematic diagram of the design of Mito-2Strep and Pex-2Strep for affinity purification of
mitochondria and peroxisomes, respectively.
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I also tested whether the same design can be used to purify other organelles, such as
mitochondria and peroxisomes. Similar to Lyso-2Strep, we fused mGFP and the twin strep tag
to the C-terminus of the mitochondrion-targeting sequence of the mitochondrial resident protein
TOM20 and the peroxisome-targeting sequence of the peroxisomal resident protein PEX-3
[Kapitein et al., 2010; Komatsu et al., 2010], to generate Mito-2Strep and Pex-2Strep for the
purification of mitochondria and peroxisomes, respectively (Fig. 31). HeLa cells stably
expressing Mito-2Strep or Pex-2Strep in an inducible manner were established by lentiviral
infection followed by puromycin selection. After doxycycline induction for expression, both Mito2Strep and Pex-2Strep showed the intended localizations to mitochondria and peroxisomes,
respectively, as demonstrated by their colocalizations with the mitochondrion-specific dye
MitoTracker and the peroxisomal resident protein catalase (Fig. 32A-B). The purification steps
for mitochondria and peroxisomes were carried out following the same protocol as that used for
lysosome preparations with 1-µm diameter streptavidin beads (Thermo Scientific). The isolated
mitochondria could be stained with MitoTracker Red or TMRE (Fig. 33A-B). Given that the
staining of MitoTracker Red and TMRE by mitochondria depends on mitochondrial membrane
potential [Chazotte, 2011b], this result suggests that the purified mitochondria are intact.
Importantly, TMRE staining of purified mitochondria was drastically reduced by pretreatment
with 50 µM CCCP, a mitochondrial oxidative phosphorylation uncoupler, for 30 minutes (Fig.
33B), suggesting that the purified mitochondria preserve the membrane potential.
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A

B

Figure 32. Mito-2Strep and Pex-2Strep target to mitochondria and peroxisomes, respectively. (A)
Fluorescent images of the GFP signal of Mito-2Strep (green) and MitoTracker staining of mitochondria
(red) of HeLa cells stably expressing Mito-2Strep. Mito-2Strep expression was induced by the addition of
1 µg/ml doxycycline to the cell culture one day before staining and imaging. Scale bar = 20 μm. (B)
Fluorescent images of the GFP signal of Pex-2Strep (green) and immunofluorescent staining of catalase
for peroxisomes (red) of HeLa cells stably expressing Pex-2Strep. Pex-2Strep expression was induced by
the addition of 1 µg/ml doxycycline to the cell culture one day before staining and imaging. Scale bar =
20 μm.

I then checked the purity of the isolated mitochondria and peroxisomes by examining the
presence of different organellar markers using Western blotting. The isolated mitochondria and
peroxisomes were free from the markers for cytosol and most other organelles except for the
existence of some peroxisomal marker catalase (Fig. 34A) in mitochondria and the
mitochondrial marker SDHA and TOM20 in peroxisomes (Fig. 34B). In contrast, another
peroxisomal marker, very long-chain acyl-CoA synthetase (SLC27A2), which is localized to
peroxisome and endoplasmic reticulum, but not mitochondria [Singh and Poulos, 1988;
Steinberg et al., 1999], is not detected in purified mitochondria. The co-existence of
mitochondrial and peroxisomal markers has also been reported before in mitochondria and
peroxisomes isolated by subcellular fractionation [Sugiura et al., 2017] as well as affinity
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purification methods [Bayraktar et al., 2019; Chen et al., 2017], and may be due to the intrinsic
interacting nature of the two organelle types, instead of unspecific contamination, for the
following three reasons: 1) mitochondria and peroxisomes are physically tethered at their
contact sites [Shai et al., 2016]; 2) new peroxisomes are partially derived from mitochondria,
and therefore mitochondria and peroxisomes carry some common proteins [Sugiura et al.,
2017]; 3) the endoplasmic reticulum-derived peroxisomal marker, SLC27A2, is absent in the
purified mitochondria (Fig. 34A).

A

B

Figure 33. Mitochondria purified with Mito-2Strep are intact. (A) MitoTracker staining of isolated
mitochondria eluted from streptavidin beads with 10 mM biotin showing the uptake of MitoTracker (red)
by the purified mitochondria (green). Scale bar = 20 μm. (B) TMRE staining of isolated mitochondria is
reduced by pretreatment of 50 µM CCCP for 30 minutes. Mitochondria were eluted from streptavidin
beads with 10 mM biotin. Scale bar = 20 µm.

As for the lysosome purification, we compared the capabilities of different sizes of
streptavidin beads in the isolation of mitochondria and peroxisomes. Among the different bead
diameters tested, including 50 nm, 1 μm, 5 μm, and 25 μm, the 1 μm diameter beads again
exhibited the best performance in purifying both mitochondria (Fig. 35A) and peroxisomes (Fig.
35B). Under our experimental conditions, about 60% of mitochondria (Fig. 35C) and 75% of
peroxisomes (Fig. 35D) were recovered from the PNS within 30 seconds of bead incubation.
Doubling the amount of beads slightly increased the amount of recovery of mitochondria during
the shortest incubation time (30 seconds) without dramatically affecting that from longer (> 1
minute) time incubation (Fig. 35C-D).

66

Figure 34. Purity of the mitochondrial and peroxisome preparations. Western blot analyses of the
purity of mitochondrial (A) and peroxisomal (B) preparations using intracellular organelle markers as
that shown in Fig 27.

A

B

C

D

Figure 35. Effects of bead diameters and incubation times on isolation efficiency of mitochondria and
peroxisomes. (A)-(B) Bead diameter: the same amount of PNS was incubated with streptavidin beads of
indicated diameters for 5 minutes. The volume of the beads for each size was adjusted to have the same
binding capacity. Mitochondrial and peroxisomal abundances in the purified samples were determined
by Western blotting for SDHA (A) and catalase (B), respectively, showing that 1 µm diameter beads are
the most efficient for both organelles. (C)-(D) Incubation time with the beads: the same amount of PNS
(100 µl) was incubated with 30 (left side) or 60 µl (right side) 1-µm diameter streptavidin beads (Thermo
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Scientific) for 0.5 to 30 min as indicated. Western blot analyses of the abundance of SDHA (C) and
catalase (D) in mitochondrial and peroxisomal preparations, respectively. The relative recovery
efficiencies of mitochondria and peroxisomes were determined by comparing the density of SDHA and
catalase to those of PNS on the same Western blots, respectively.

2.5 Mass spectrometry analysis of lysosomal luminal amino acids using isolated
lysosomes
Rapid isolation of lysosomes would allow us to analyze metabolic activity and
metabolites in the lysosomal lumen. Lysosomes are directly involved in the metabolism of
several macromolecules and their building blocks, such as proteins and amino acids. Metabolic
activity in the cytosol is subject to regulation by the levels of amino acids in the lysosomal lumen
through modulating the activity of key metabolism regulatory proteins, such as mTORC1 [AbuRemaileh et al., 2017; Zoncu et al., 2011]. As a proof of principle, I sent the lysosomal and
cytosolic preparations of Hela cells to the Baylor metabolomics core for determination of levels
of different amino acids by mass spectrometry. All 20 amino acids were detected in both
lysosomes and cytosol. Among them, leucine and isoleucine constitute ~50% of total amino
acids in both cytosol and lysosomes. In contrast, the proportions of some amino acids are
different between lysosomes and cytosol. For example, cysteine, arginine, aspartic acid and
valine display markedly higher proportions in lysosomes than in cytosol, while phenylalanine,
the second most abundant amino acid species, is ~2X enriched in cytosol as compared to
lysosomes. All other amino acid species exhibit similar proportions in cytosol and lysosomes
(Fig. 36A-C). These findings suggest that under normal culture conditions, lysosomes in HeLa
cells preferentially keep a limited group of amino acid species, each representing polar,
positively charged, negatively charged, and neutral amino acids, respectively. The functional
significance and underlying mechanism(s) warrant further investigation. These results highlight
the importance of analyzing individual amino acid species and other metabolites in isolated
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lysosomes. Varying the metabolic conditions of the cells before lysosome purification will likely
yield crucial insights into mechanisms of regulation of cell metabolism.
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Figure 36. Measurement of amino acid contents in the cytosol and lysosomes by liquid chromatography–
mass spectrometry. Cytosol and lysosome preparations were made from HeLa cells stably expressing Lyso2Strep. Amino acid levels were determined by LC-MS. (A)-(B) Pie chart presentations of proportions of
individual amino acids in cytosol (A) and lysosomes (B). (C) Same data as in (A) and (B) plotted as a bar
graph showing comparisons between cytosol and lysosomes for the proportions of individual amino acids
as means ± SEM of triplicate measurements. Note: logarithmic scale and two breaks are used to
accommodate the large span of data values between aspartic acid (0.01% in cytosol) and isoleucine/leucine
(~50% in cytosol).

3. Discussion
A key to isolate organelles is to enrich them with high purity in a short period of time, so
that molecules associated with or inside the organelles, especially signaling proteins and labile
metabolites, can remain unchanged during purification. In this study, we developed a general
strategy for organelle purification using twin strep tag. The strong and specific interaction
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between strep tag and streptavidin offers some distinct advantages. Under our experimental
conditions, we can recover ~60% of total lysosomes and of mitochondria, and more than 75% of
peroxisomes, with as short as a half minute incubation of PNS and the beads, which is
comparatively shorter than the 3.5 minute incubation required for antibody-based affinity
purification using 3XHA beads [Chen et al., 2017]. Another advantage of our approach is that
the number of cells can be adjusted easily based on the need of subsequent application. For
example, lysosomes purified from 3 million cells are sufficient for Western blot analyses of
mTOR signaling components presented in Fig. 30 and 20 million cells are sufficient for
lysosomal amino acid measurement shown in Fig. 36. In contrast, most density gradient
ultracentrifugation methods require typically 200~500 million cells and a time duration of several
hours [de Araujo and Huber, 2007; Michelsen and von Hagen, 2009]. Furthermore, our method
requires minimal equipment and experience, and can be performed in any biomedical
laboratory. Finally, the 2Strep purification is expected to cost less than antibody-based
approaches, due to the high yield of organelle recovery shown in our study (thus less beads are
needed) and excellent stability of streptavidin [Bayer et al., 1990; Kimple et al., 2013).
The method described here can be of great use in understanding the structures and
functions of intracellular organelles. First, it has been known that there are quantitative and
qualitative differences in protein levels in the same type of organelles from different cell types
[Itzhak et al., 2017]. The simplified procedures and reduced requirement of cell numbers in our
approach make it possible to parallelly isolate and profile the composites of proteins, lipids and
small molecule metabolites, in the same organellar population from different cell types. This kind
of study might be extremely important for cancer studies. There are overwhelmingly increasing
collections of information on genomic, transcriptional, and global proteomic alterations in cancer
cells. However, how oncogenic alternations affect the compositions of intracellular organelles
and how these changes relate to their specialized functions remain mysterious. Second, the
ability to rapidly recover the desired organelles using the current method is essential for
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studying signal transduction on organellar surfaces and metabolism of labile metabolites within
the organelles, which either co-exist with the organelle transiently or have fast turnover rates.
Using lysosomes as an example, we demonstrated the feasibility of monitoring changes in
mTORC1 signaling in response to nutrient (amino acid) availability and of quantifying the
contents of individual amino acid species (Figs. 30 and 36). Third, the genetically encoded twin
strep tag can also be used in animals to assess the physiological functions of specific
organelles in vivo. It has been shown that mitochondria from specific cell types can be quickly
isolated with the use of a mitochondrion-targeted epitope tag from complex tissues without cell
sorting, which increases the speed of isolation and allows better retention of the mitochondrial
metabolite profile [Ahier et al., 2018; Bayraktar et al., 2019]. We expect that the tools described
here can further increase the capability of in vivo profiling of different organelles in different cells
and tissues. Finally, the twin strep tag can be used in combination with other tags, such as
3xHA, for rapid isolation of different organelles in the same cells or tissues.
While most amino acids showed at the similar levels in the lysosomal lumen and in the
cytosol in our lysosomal amino acid measurement, a few amino acids showed preferential
lysosomal accumulations. Our overall conclusion is consistent with a previous lysosomal amino
acid measurement that also showed differential distribution of some amino acids in the
cytoplasm and lysosomal lumen [Abu-Remaileh et al., 2017]. However, there are still some
differences in these two studies. For example, the relative representation of cysteine, alanine,
aspartate, arginine and valine, are significantly higher in lysosomal lumen in HeLa cells in our
study, whereas cystine is more abundant in lysosomal lumen in HEK 293 cells [Abu-Remaileh et
al., 2017]. The different distributions of amino acids in the lysosomal lumen in these two cells
may be due to different expression levels of various lysosomal amino acid transporters and
different experimental conditions. However, the exact reasons remain to be further investigated.
One interesting finding from our study is that the efficiency of organelle isolation is
dependent on the size of the magnetic beads. Among the beads of different diameters, 50 nm, 1
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μm, 5 μm, and 25 μm, tested in the current study, we found that the 1 μm diameter beads
performed the best for the isolation of lysosomes, mitochondria, and peroxisomes. This result
suggests that comparable sizes between the beads and organelles are critical to the success of
affinity purification of organelles, likely due to the maximal occupation (and/or exclusion) of
organelles on the beads. Lysosomes, mitochondria, and peroxisomes have sizes of 0.5-1 μm
[Xu and Ren, 2015], 0.75-3 μm [Wiemerslage and Lee, 2016], and 0.1-1 μm [Lodhi and
Semenkovich, 2014] in diameters, respectively. It is possible that the isolation efficiency can be
further increased with optimal sized beads for each organelle type. For experiments in which the
maximal recovery is desired, we suggest performing a pilot experiment using bead sizes
between 10 nm and 200 μm to identify the one that yields the highest recovery efficiency. It may
also be possible to predict the most appropriate bead size for an organellar population by
mathematical modeling of maximal surface interactions between the desired organelles and the
beads. We performed most of our experiments using 1 μm magnetic streptavidin beads from
Thermo Scientific. It is reported that the twin strep tag has a picomolar Kd towards Strep-Tactin
XT, a mutant form of streptavidin [Yeliseev et al., 2017]. Unfortunately, Strep-Tactin XT beads
smaller than 1 μm in diameter were not commercially available at the time of our study. We
anticipate that both the yield and speed of purification will be further improved by Strep-Tactin
XT beads of more appropriate sizes.
In summary, we developed a rapid and efficient method for the isolation of intact
lysosomes, mitochondria and peroxisomes. I obtained evidence that lysosomes purified from
this method can be used to analyze signaling dynamics and metabolites. Predictably, this
method should also be compatible for quick isolation of specific organellar populations from
other mammalian tissues or non-mammalian cells or tissues, such as yeast, plant, C. elegans,
or Drosophila, although organism-specific organelle targeting sequence might be needed to
target the 2Strep fusion proteins to the desired organelles.

72

Chapter 6

Ammonia Generated via Glutamine Hydrolysis by GLSs Controls
Lysosomal pH and Degradation Capacity

1. Introduction
It is commonly thought that autophagy and lysosome degradation are delicately
coordinated as both autophagy and TFEB [Settembre et al., 2011] are under stringent control of
mTORC1 [Settembre et al., 2012]. When nutrients are abundant, active mTORC1 inhibits
autophagosome biogenesis and TFEB, and in contrast, during starvation-induced mTORC1
deactivation, to cope with the elevated autophagosome formation, autophagy synthesis is
enhanced and TFEB-mediated lysosomal biogenesis is upregulated to increase the degradation
capacity to cope with the elevated autophagosome formation.
However, TFEB-mediated transcriptional regulation of autophagy does not seem to be
able to match the demand for lysosomal degradation in time. In eukaryotic cells, the production
of functional lysosomal proteins undergo a series of processes, including transcription, RNA
splicing, mRNA export from the nucleus, RNA translation to proteins, protein post-translational
modification and trafficking. Therefore, it could take up to several hours for transcriptional
activation of lysosome biogenesis to take effect. Furthermore, nutrient sensing by the cell is not
always timely as mTORC1 does not immediately sense deprivation of certain nutrients, such as
amino acids and cholesterol. Hence, there is likely a delay of up to several hours between
nutrient shortage and autophagy machinery augmentation. Therefore, it remains mysterious
what mechanism cells utilize to cope with nutrient shortage during the early stages of starvation.
Glutamine is one of the most abundant amino acids in the cells. Glutamine plays 3 major
roles in cells: 1) as a building block for protein synthesis; 2) as a precursor for cellular
glutathione, an antioxidant agent [Welbourne et al., 1979]; 3) as a precursor for α-ketoglutarate,
one of the intermediates in the tricarboxylic acid (TCA) cycle for ATP synthesis [Goldin et al.,
1971]. Glutamine has been recurrently implicated to play a role in autophagy. Several studies
suggest the glutamine depletion decreases LC3-II levels. For example, glutamine withdrawal for
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6 hours reduced cellular LC3-II levels significantly in rodent intestinal epithelial cells [Sakiyama
et al., 2009]. A more recent study demonstrated that a 15-minute glutamine starvation led to
LC3 degradation [Kuchitsu et al., 2018]. Likewise, during glutamine starvation, rapamycin failed
to induce autophagy as assessed by LC3-II accumulation [Lin et al., 2012]. On the other hand,
transcriptionally upregulating glutamine synthetase, which catalyzes the synthesis of glutamine
by converting glutamate to glutamine, also reduced LC3-II levels [van der Vos et al., 2012],
while an addition of bacterial glutaminase to eukaryotic cells increased LC3-II levels [Willem et
al., 2013]. Therefore, whether glutamine increases or decreases autophagy remains
controversial.
Here, we identify that hydrolysis of glutamine by glutaminases generates ammonia,
which diffuses into lysosomes to directly regulate the lysosomal pH. Glutamine depletion leads
to decreased lysosomal pH to enhance lysosomal degradation of contents inside the
autophagosomes and lysosomes, facilitating sustention of mTORC1 activation during short term
amino acid starvation. This finding reveals a previously unappreciated role of glutamine as a
control knob to fine tune lysosomal function through glutaminases.
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2. Results
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2.1 Amino acid starvation accelerates lysosomal degradation capacity

Figure 37. Amino acid starvation leads to LC3-II decrease via lysosomal degradation. (A) Representative
Western blot analysis of LC3, phospho-S6K(T389) (pS6K) and actin of MEF cells cultured in normal
medium (Ctrl) or subject to 1-hour serum starvation (-FBS), amino acid starvation (-AA) or complete
starvation (HBSS) in the absence (-) or presence (+) of chloroquine (CQ, 100 µM). (B) Statistics of LC3II levels normalized to that of untreated Ctrl for conditions shown in (A) from n=3 experiments; * p < 0.05,
** p < 0.01, by one-way ANOVA.
Amino acid starvation leads to mTORC1 inactivation and upregulated autophagy.
However, LC3-II, the marker of autophagosomes, has been repetitively shown to decrease
during short term amino acid starvation in various studies [Ganley et al., 2011; Thoreen et al.,
2009; Kang et al., 2013]. During 1-hour starvation in HBSS or amino acid-free DMEM, but not
serum-free DMEM, LC3-II decreased by ~50% in primary MEF cells (Fig. 37A-B). Decreased
LC3-II observed during amino acid starvation could result from either increased degradation or
decreased production of LC3-II. By inhibiting lysosomal degradation with chloroquine (CQ, 100
µM), a lysosomotropic agent, LC3-II reduction upon amino acid starvation was prevented (Fig.
37A-B), suggesting that the decrease in LC3-II was caused by an upregulation in lysosomal
degradation. I also tested whether LC3-II degradation would also be enhanced during amino
acid starvation in some immortal cell lines, including HeLa and L929 cells. After 1-hour amino
acid starvation, all cell lines tested exhibited LC3-II reduction, which was mediated by lysosomal
degradation function (Fig. 38A-B).
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Figure 38. Removal of amino acid results in increased LC3-II degradation. Western blot analysis of LC3
and actin of HeLa (A) and L929 (B) cells cultured in normal medium or subject to 1 hour amino acid
starvation in the absence or presence of CQ (100 µM).
To validate that lysosomal degradation function was enhanced during amino acid
starvation, I used DQ-BSA to assess capacity of lysosomal degradation in MEF cells. DQ-BSA
is a fluorogenic substrate of lysosomal proteases and is essentially BSA molecules conjugated
with both fluorophores and quenchers. Hence, intact DQ-BSA exhibit low fluorescence;
however, upon DQ-BSA degradation, quenchers lose proximity to fluorophore and thereby
lysosomes reveal enhanced fluorescence [Frost et al., 2017]. I preloaded MEF cells with DQBSA for 2 hours and chased the cells for 1 hour to allow its delivery to endo-lysosomes.
Starvation in amino acid-free medium for 1 hour doubled fluorescence intensity in cells,
compared to MEF cells kept in the complete culture medium (Fig. 39A-B), suggesting that
degradation of DQ-BSA was enhanced after amino acid withdrawal. Given that DQ-BSA was
preloaded and chased before amino acid withdrawal, this increased fluorescence purely
represented accelerated degradation of DQ-BSA that already existed in endo-lysosomes during
amino acid starvation.
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Figure 39. Amino acid removal leads to increased DQ-BSA degradation. (A) Representative images of
DQ-BSA loaded MEF cells cultured in normal medium (+AA) or subject to 1 hour amino acid starvation (AA). Scale bar = 20 µm. (B) Statistics of fluorescence intensities of individual cells normalized to the mean
of the +AA controls. **** p < 0.0001.
2.2 Glutamine starvation alone increases lysosomal degradation capacity.
A
Ctrl

-Arg

-Cys

-Gln

-Gly

-His

-Iso

-Leu

-Lys

-Met -Phe -Ser

-Thr

-Try

-Tyr

-Val

LC3
actin

**

1.5

1.0

0.5

rg

ys
-G
ly
-G
ln
-H
is
-I
so
-L
eu
-L
ys
-M
et
-P
he
-S
er
-T
hr
-T
ry
-T
yr
-V
al

-C

ct

rl

0.0

-A

Normalized
LC3-II/actin
Normalized
LC3-II

B

Figure 40. Glutamine deprivation reduces LC3-II levels. (A) Representative Western blots of LC3 and
actin of MEF cells subject to 1 hour treatment in DMEM omitting individual amino acids as indicated. (B)
Statistics of LC3-II levels normalized to that of untreated Ctrl for conditions shown in (A) from n=3
experiments. ** p < 0.01, by one-way ANOVA.
Next, I sought to investigate if the increased lysosomal degradation capacity is caused
by the shortage of certain amino acids) or simply the decrease in total extracellular amino acid
concentration. There are 15 amino acids in DMEM; therefore, I formulated 15 types of DMEM,
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each with one amino acid omitted. Interestingly, only the removal of glutamine led to ~50% LC3II decrease (Fig. 40A-B), while the exclusion of any other amino acid did not decrease the
steady state LC3-II level (Fig. 40A-B).
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Figure 41. Glutamine removal leads to increased DQ-BSA degradation. (A) Representative images of
DQ-BSA-loaded MEF cells cultured in normal medium (+Gln) or subject to 1 hour Gln starvation (-Gln).
Scale bar = 20 µm. (B) Statistics of fluorescence intensities of individual cells normalized to the mean of
the +Gln controls, ** p < 0.01, by unpaired t test.
DQ-BSA degradation assay also showed that glutamine starvation for 1 hour increased
fluorescence by ~1-fold (Fig. 41A-B), similar to the increment induced by removing all amino
acids (Fig. 39A-B). I measured the relationship between LC3-II level and glutamine
concentration by supplying MEF cells with 0-10 mM glutamine in DMEM for 1 hour and
observed a positive correlation between the two, which exhibited a near linear relationship until
4 mM glutamine and then leveled off at the higher concentrations (Fig. 42A-B). The regulation of
LC3-II levels by glutamine did not seem to depend on mTORC1 activity, as the pS6K levels
remained unchanged during 1-hour incubation with different concentration of glutamine (Fig.
42A). This result is consistent with a previous study showing that glutamine starvation induced
LC3-II decrease is independent of mTORC1 activity [Kuchitsu et al., 2018]. I also tested LC3-II
regulation by glutamine in HeLa and L929 cells, both cell lines showed LC3-II decrease upon 1hour glutamine starvation (Fig. 43A-C).

78

DMEM + Gln (mM)
0

2

4

6

8

10

LC3
pS6K (T389)
actin

B

4

Normalized LC3-II

A

3
2
1
0

Gln (mM)
0

2

4

6

8

10

Figure 42. Dose-dependence on glutamine of LC3-II accumulation in MEF cells. (A) Representative
Western blots of LC3, pS6K(T389) and actin in MEF cells treated for 1 hour with DMEM containing
indicated concentrations of Gln. (B) Concentration response curve of LC3-II levels to Gln in the culture
media, determined from n=3 experiments as shown in (A).
Since glutamine is the most abundant amino acid (4 mM) in the DMEM culture medium, I
asked whether the decrease in LC3-II might result from a sizeable decrease in total amino acid
concentration due to the removal of 4 mM glutamine. To test this possibility, I substituted
glutamine with 4 mM of another amino acid to see if the substitution could prevent the reduction
in LC3-II. Interestingly, none of the amino acid substitutions rescued the LC3-II decrease
caused by glutamine deprivation, including asparagine and glutamate, the two that are
structurally most similar to glutamine (Fig. 44A-C).
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Figure 43. Removal of glutamine leads to reduced LC3-II levels in Hela and L929 cells. Western blot
analysis of LC3, pS6K(T389) and actin of HeLa (A) and L929 (B) cells cultured in normal medium or
treated for 1 hour with the Gln-free medium.
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Figure 44. Glutamine deprivation-induced LC3-II decrease is not rescued by any other amino acid. (A)
Representative western blot analysis of LC3 and actin of MEF cells that were treated for 1 hour with the
Gln-free DMEM supplemented with 4 mM of the indicated amino acid. (B) Statistics of LC3-II levels
normalized to that of untreated Ctrl for conditions shown in (A) from n=3 experiments, **** p < 0.0001,
ns, not significant, by one-way ANOVA.

2.3 Glutaminase activity regulates cellular LC3-II levels and lysosomal pH in a glutaminedependent manner
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Figure 45. Glutamine increases lysosomal pH in MEF cells. (A) Representative pseudocolor images of
lysosomal pH derived from ratiometric confocal micrographs of MEF cells loaded with Oregon Green 488
dextran. After loading, cells were cultured in medium in the absence of Gln (-Gln) or presence of 6 mM
Gln for 1 hour. Lysosomal pH was measured and calibrated as described in Chapter 2. Scale bar = 20 µm.
(B) Gaussian distribution analysis of pH values for individual lysosomal clusters from 30-100 cells as
acquired in (A).
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Aside from producing glutathione and α-ketoglutarate via sequential reactions that first
hydrolyzes Gln to Glu by glutaminases, this same reaction also yields ammonia as a by-product.
Since ammonia can exist in both uncharged (NH3) and charged (NH4+) forms in the aqueous
environment, it is not only freely diffusible across cellular membranes, including lysosomal
membrane, but also able to impact pH inside the organellar lumen. The more acidic pH inside
the lysosome than in the cytosol means that when NH3 enters the lysosome, a higher proportion
of it will be bound by protons than when it is in the cytoplasm. This will result in a loss of free
protons, i.e. an increase in the lysosomal luminal pH [Hart et al., 1991]. To test this hypothesis, I
measured lysosomal luminal pH using dextran-conjugated Oregon Green 488 (OG488), as
described earlier in Chapter 3 [Canton et al., 2015]. In MEF cells loaded with OG488 and
cultured in the absence or presence of Gln (6 mM) at 37 °C for 1 hour, I detected a shift of ~0.5
pH unit of the median pH values of individual lysosomal clusters from 4.96 in the Gln-free
culture medium to 5.50 in the medium that contained 6 mM Gln (Fig. 45A-B). Pseudocolor
images of lysosomal pH revealed that in either the Gln-deprived or the Gln-containing medium,
lysosomes near the nuclei displayed lower pH than those in the cell peripheral (Fig. 45A),
consistent with a previous report [Johnson et al., 2016]. Moreover, the span of the pH range
remained approximately the same, showing a parallel shift of the Gaussian distribution to higher
pH in the presence of Gln (Fig. 45B). This indicates that, rather than targeting a certain
population(s) of lysosomes, the extracellularly applied Gln elevates lysosomal pH uniformly in
the cell, which would be consistent with the freely diffusible nature of ammonia.
In mammalian cells, Gln is hydrolyzed to Glu and ammonia by two glutaminases (GLS’s)
– GLS1 and GLS2. To test if the two GLS’s are involved in Gln regulation of lysosomal luminal
pH, I first used shRNA to knock down the expression of GLS1 and GLS2 in L929 mouse
fibroblast cells, and then assessed lysosomal pH in control and GLS1/2 knockdown (KD) cells
exposed for 1 hour in the media that contained different Gln concentrations (0, 2, 4, and 10
mM). Similar to the observation in MEF cells, the depletion of Gln dramatically decreased
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lysosomal pH from the median value of 5.74 in the normal culture medium containing 4 mM Gln
(Fig. 46C) to pH 4.69 in the Gln-free medium (Fig. 46A). While the supply of 2 mM Gln in the
medium brought back the median lysosomal pH to 5.41 (Fig. 46B), that of 10 mM Gln did not
further alkalinize the lysosome than 4 mM Gln did (Fig. 46D, median pH = 5.74), suggesting that
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Figure 46. Glutaminases are involved in the glutamine-mediated alkalinization of lysosomal pH. L929
cells were transfected with either scrambled control shRNA (Ctrl shRNA) or shRNAs that target both GLS1
and GLS2 (GLS1/2 shRNA). Cells were loaded with Oregon Green 488 dextran and cultured in medium
with no Gln (A), 2 mM (B), 4 mM (C) or 10 mM (D) Gln for 1 hour before ratio images were taken by
confocal microscopy. In (B) and (C), 20 µM BPTES was added to some cells, as indicated, after the chase
for the dextran dye and allowed to incubate with the cells for 2 hours before imaging. Shown are
Gaussian distribution analyses of pH values of individual lysosomal clusters from 30-100 cells.

For L9292 cells with GLS1/2 KD, while the distribution of lysosomal luminal pH and the
median value (pH 4.67) were not affected by the loss of the two GLS’s when cultured in the Glnfree medium (Fig. 46A), with the presence of Gln (2, 4, or 10 mM), the median values and the
distribution curves of lysosomal pH all shifted to lower pH ranges as compared to control cells
(Fig. 46B-D). However, the shift was greater at the two lower Gln concentrations (2 and 4 mM)
than at the higher one (10 mM). Thus, at 2 and 4 mM, the median pH decreased from 5.41 to
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5.09 and from 5.74 to 5.37, mounting to 0.32 and 0.37 pH units, respectively, due to the
decreases of GLS1/2 expression, but the shift at 10 mM Gln was only 0.17 pH unit (5.74 to
5.57). Both the saturation effect of >4 mM Gln on lysosomal pH and the incomplete loss of the
GLS activity may account for this effect, as the residual GLS’s in the GLS1/2 KD cells could still
produce ammonia, the level of which would be higher at 10 mM than at 2 and 4 mM Gln.
Secondly, I used a selective GLS1 inhibitor, BPTES, to block GLS1 function in L929
cells. With the cells grown in 2 mM Gln, the addition of 20 µM BPTES for 1 hour also markedly
shifted the lysosomal luminal pH to a lower range, with the median pH of 5.02 and the
distribution largely overlapping with that of GLS1/2 KD cells cultured under the same conditions
(Fig. 46B). In 4 mM Gln, the effect of BPTES was not as strong as that of GLS1/2 KD, and when
applied to the GLS1/2 KD cells, it did not further decrease the lysosomal pH (Fig. 46C). These
data again argue for a partial effect of BPTES on inhibiting GLS’s since the drug inhibits only
GLS1 but not GLS2. It is plausible that the residual GLS2 activity, as well as some uninhibited
GLS1 still produced ammonia, albeit lower than in the absence of the drug, and the net amount
of ammonia production would be higher at 4 than at 2 mM Gln.
We reasoned that like many biological processes, the Gln regulation of lysosomal
luminal pH is a two-way process that involves not only the production of ammonia from Gln
through GLS-mediated hydrolysis and ammonia diffusion into the lysosome, but, perhaps, also
enhanced lysosomal acidification (e.g. through augmentation of V-ATPase) to overcome the
alkalizing effect and ammonia diffusion out of the lysosome as the cytosolic ammonia levels
fluctuate. Therefore, the values determined above represent steady-state lysosomal pH in the
absence and presence of extracellular Gln, and the effect of GLS1/2 inhibition on the steadystate values. However, the steady-state measurement could undermine the contribution of
GLS1/2 when the inhibition is partial, because the off reaction (i.e. V-ATPase and/or ammonia
extrusion) is not activated until the pH in the lysosomal lumen has gone up to a certain value,
giving time for the slow reaction (with GLS1/2 partially inhibited) to catch up. To test this
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possibility, we performed live-cell imaging of lysosomal pH using the OG488-loaded L929 cells.
The cells were first incubated in the Gln-free medium for 1 hour to bring down the lysosomal pH
to ~4.7. Then 2 mM Gln was added to the medium while Oregon Green fluorescence ratio
images at 440 and 488 nm excitation were acquired at 10-second intervals. As shown in Fig. 47
(black), on average, the luminal pH of the lysosomes increased to 5.8 within 90 seconds and
then slowly declined until reaching a steady-state at about 240 seconds. However, in the
presence of 20 µM BPTES (added at 2 hours before Gln and maintained throughout), the 2 mM
Gln-induced increase in lysosomal pH was curtailed after the first 30 seconds and continued to
rise only at a very slow rate (Fig. 47, red). These results, demonstrating that inhibition of GLS1
indeed dramatically slows down Gln-evoked lysosomal alkalization, support the role of GLS1
and therefore the GLS-mediated Gln hydrolysis in Gln regulation of lysosomal luminal pH.
To further probe if ammonia is indeed the product from Gln hydrolysis that is responsible
for the alkalinizing effect of Gln, we used ammonia scavengers, 4-phenylbutyric acid (4-PBA, 10
mM) or L-ornithine-l-aspartate (LOLA, 10 mM), which were applied 2 hours before Gln addition
and maintained throughout. We found that the ammonia scavengers also curtailed the Glnevoked increase in lysosomal pH similarly as inhibiting GLS1 (Fig. 47, blue and cyan). These
data, when considered together with the similar effect of GLS inhibition, provide a strong
support to the notion that Gln regulates lysosomal pH through ammonia produced as a produce
of GLS-mediated Gln hydrolysis.
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Figure 47. Kinetics of lysosomal pH changes of L929 cells in response to the addition of Gln into the
culture media. Cells were loaded with Oregon Green 488 dextran and then cultured in the Gln-free
medium for 1 hour before 2 mM Gln was added back to the medium. For treatment with GLS1 inhibitor
or NH3 scavengers, BPTES (20 µM) or 4-PBA (10 mM) and L-ornithine-l-aspartate (10 mM) were added
after the chase for the dextran dye and allowed to incubate with the cells for 2 hours (including the 1
hour Gln starvation) before the addition of 2 mM Gln. Confocal ratiometric images were acquired at 10second intervals immediately after the application of 2 mM Gln and continued for 5 mins in an imaging
chamber with the cells maintained live at 37°C. Data points are means ± SEM of average lysosomal pH
values of 30-50 cells.
2.4 Glutamine abundance controls sustainability of mTORC1 activity during early stage
of amino acid shortage.
The above data suggest that under normal fed conditions, Gln through hydrolysis by
GLS1/2 produces ammonia to raise the lysosomal luminal acidity to approximately 0.5~0.8 pH
unit higher than that would be attained by V-ATPase. This keeps the lysosomal hydrolases at
suboptimal conditions, matching the relatively slow rate of autophagic flux in resting cells. Upon
starvation, the loss of Gln supply diminishes ammonia production so that the lysosomal luminal
pH returns to the level set by the V-ATPase, which in turn boosts the hydrolase activities to
accelerate lysosome degradation. Thus, the increased lysosomal degradation under starved
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conditions is simply driven by Gln depletion, rather than a response to the increased demand
from autophagy for breaking down more materials. This implies that the degradation increase
may precede autophagy activation under conditions of amino acid shortage. To test this
possibility, we measured LC3-II and pS6K levels in MEF cells at different times after amino acid
withdrawal. Indeed, while LC3-II levels began to decrease at 5 min, the earliest time point
measured, after the amino acid withdrawal, and continued to drop until 30 min to ~50% of the
original value, the pS6K levels were maintained during the first 15 mins and then gradually
declined to ~30% of the beginning levels at 1 hour (Fig. 48A-C). Therefore, increased lysosomal
degradation is a more immediate response to amino acid starvation than mTORC1 inactivation
and the consequent activation of autophagy.
To further evaluate the role of Gln in starvation induced increase of lysosomal
degradation and autophagy activation, we included 10 mM Gln in the amino acid-free medium
and performed the same time course measurement as above. As expected, in the presence of
Gln but absence all other amino acids, LC3-II levels did not decrease over the course of 1 hour.
Rather, there was a slow and steady increase in the LC3-II levels to ~40% above the basal level
after 1 hour (Fig. 48A-B), probably due to increased autophagosome synthesis. The addition of
NH4Cl (10 mM) during amino acid starvation also prevented LC3-II decrease, but the increase
was not as strong as that caused by Gln (Fig. 48A-B). These results are consistent with the idea
that Gln withdrawal accelerates lysosomal degradation. In the Gln-treated cells, the pS6K levels
decreased gradually without the delay seen in the control amino acid-starved cells, but the
decrease was markedly slower than cells supplemented with 10 mM NH4Cl (Fig. 48A&C). These
data suggest that the accelerated lysosome degradation during the early phase of amino acid
starvation serves a special function on sustaining the mTORC1 activity.
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Figure 48. Inhibition of lysosome degradation accelerates mTORC1 inactivation during the early phase
of amino acid starvation. (A) Representative Western blot analysis of LC3, pS6K(T389), total S6K and
actin of MEF cells exposed to amino acid-free medium (-AA) for different time periods as indicated. Gln
(10 mM), Chloroquine (CQ, 100 µM) or NH4Cl (10 mM) were included in the amino acid-free medium as
shown. (B)-(C) Statistics of LC3-II/actin (B) or pS6K/total S6K (C) ratios normalized to that of unstarved
cells for conditions shown in (A). Data points are means ± SEM from n>=3 experiments. * p < 0.05, ** p <
0.01 by one-way ANOVA.

3. Discussion
3.1 Regulation of lysosomal degradation by glutamine hydrolysis via glutaminases
Glutamine is one of the most abundant amino acids in the extracellular space and
certainly the most enriched in standard cell culture media. In this study, I showed that ammonia
production from glutamine via GLS’s functions as a mechanism to fine-tune lysosomal pH,
thereby regulating the degradation capacity of lysosomes. Decreased lysosomal pH facilitates
the degradation of LC3-II. In general, lysosomes exhibit higher pH when cells are supplied with
abundant glutamine in the culture medium (Fig. 49). In L929 cells, the lysosomal pH is positively
correlated with the extracellular glutamine concentration until it reaches 4 mM (Fig. 46A-C).
Further increases in glutamine concentration do not cause detectable changes in lysosomal pH
(Fig. 46C-D).
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Figure 49. Schematic diagram of lysosomal pH regulation by glutamine. In mitochondria, NH3 is
generated during glutamine hydrolysis by glutaminases. NH3 diffuses into lysosomes and reacts with H+
to form NH4+, which counter the action of V-ATPase Glutamine hydrolysis causes lysosomal pH increase,
which slows down lysosomal degradation carried out by hydrolases.

Amazingly, addition of glutamine to cells deprived of glutamine induced an immediate
elevation of lysosomal pH which peaked to ~5.8 within only 90 seconds. Pretreatment of either
a GLS1 inhibitor or ammonia scavengers markedly dampened the pH surge, indicating that
ammonia generated from glutamine hydrolysis accounts for the elevation of lysosomal pH upon
glutamine addition (Fig. 47). A notable decrease occurred after the lysosomal pH reached the
peak in the L929 cells, and this decrease probably resulted from cellular activities that process
ammonia into other metabolites, such as non-essential amino acids or urea, ammonia extrusion,
and/or enhanced V-ATPase activity. Needless to say, the generation of ammonia is likely faster
than the compensatory processes processes that sequester and/or extrude the increased
ammonia. Thus, the steady-state lysosomal pH is expected to be lower than the peak pH in
response to glutamine addition.
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Treatment of GLS1 inhibitor BPTES reduced lysosomal pH in cells cultured in the
presence of 2 mM or 4 mM glutamine (Fig. 46 B-C). In GLS1/2 KD cells, lysosomes showed
lower pH in all given glutamine concentrations, compared to control cells (Fig. 46A-D). When
supplied with 2 mM glutamine, lysosomal pH of the GLS1/2 KD cells reached similar values as
L929 cells treated with the GLS1 inhibitor, and for both groups, the values were clearly lower
than untreated control L929 cells, suggesting that GLS1 is the primary glutaminase in L929 cells
that hydrolyzes glutamine to produce ammonia (Fig. 46B). On the other hand, in cells cultured in
4 mM glutamine, GLS1/2 KD exhibited slightly but significantly lower pH than control L929 cells
treated with the GLS1 inhibitor (Fig. 46C), indicating that GLS2 might also play a role. Since
GLS2 has a lower affinity to glutamine than GLS1 [Katt et al., 2017], it is possible that the role of
GLS2 in glutamine hydrolysis is more evident when higher concentrations of glutamine were
provided. Taken together, our results demonstrate that GLS-mediated glutamine hydrolysis and
its generation of ammonia as a byproduct are responsible for the glutamine-dependent increase
in lysosomal pH. As most cell culture media contain 2 to 4 mM glutamine, my results implicate
that the concentration of glutamine should be taken into consideration, especially when
choosing media to culture cells or perform experiments to assess lysosome-related cellular
functions.
It is worthnoting that although both GLS and glutamate dehydrogenases generate a
molecule of ammonia, addition of glutamate did not reverse LC3-II decrease during glutamine
deprivation (Fig. 44B). This might result from two reasons: 1) ammonia generated via glutamate
dehydrogenase is slow; 2) glutamate was converted to other metabolites, such as αketoglutarate, via transamination reaction.
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3.2 Role of glutamine in regulation of amino acid homeostasis, mTORC1 activation and
autophagy
Cells require a large supply of glutamine to maintain α-ketoglutarate and glutathione
levels to sustain energy production and balance redox reactions, and indeed, glutamine is a
particularly abundant amino acid in the cells. A shortage of glutamine likely implicates a
shortage of all kinds of nutrients. When nutrient is plentiful, glutamine should also be abundant,
so that ammonia is actively generated through glutamine hydrolysis. Consequently, lysosomal
pH is elevated and lysosomal degradation capacity is attenuated. During nutrient shortage, the
lack of glutamine curtailed the production of ammonia and hence, lysosomal pH decreases,
leading to accelerated lysosomal degradation and increased building block regeneration.
Hence, there is likely a delicate coordination between lysosomal acidification and nutrient
sufficiency.
A recent measurement of lysosomal metabolites revealed that dissipating lysosomal
protons facilitates accumulation of amino acids inside lysosomal lumen, probably due to
decreased lysosomal amino acid transporter activity by the elevated pH [Abu-Remaileh et al.,
2017], suggesting a positive role that ammonia might play in regulating mTORC1 activation. It
has been demonstrated that mTORC1 senses amino acid abundance from the lysosomal lumen
[Zoncu et al., 2011; Wang et al., 2015; Rebsamen et al., 2015; Jung et al., 2015]; therefore,
elevated lysosomal pH, due to glutamine, might facilitate mTORC1 activation by increasing
lysosomal luminal amino acids. In fact, ammonia has been suggested to play a positive role in
supporting mTORC1 and mTORC2 activities in multiple cell lines [Merhi et al., 2017]. Albeit
higher lysosomal pH slows down degradation and nutrient regeneration, higher lysosomal
amino acid levels due to elevated lysosomal pH might support mTORC1 activation in certain
cells.
Glutamine plays comprehensive roles in mTORC1 activation. α-Ketoglutarate generated
via GLS’s and glutamate dehydrogenase is sufficient to translocate mTOR to lysosome for
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activation [Durán et al., 2012]. Glutamine also serves as an antiporter substrate for plasma
membrane amino acid transporter SLC7A5 to execute essential amino acid influx into the cells
[Nicklin et al., 2009]. Glutamine starvation alone affects mTORC1 activation in certain cell types,
such as T cells [Nakaya et al., 2014] and intestinal epithelial cells [Zhu et al., 2015], but not all
cells exhibit mTORC1 decrease during short term glutamine deprivation [Kim et al., 2013].
However, for amino acid-starved cells, addition of glutamine partially activates mTORC1 [Jewell
et al., 2015; Meng et al., 2020].
I showed that mTORC1 activity did not immediately decrease after amino acid
withdrawal in MEF cells; rather, it took up to 1 hour for mTORC1 to decrease to the nominal
level (Fig. 48A&C), similar to that reported by an earlier study [Tan et al., 2017]. Treatment of
lysosomotropic agents chloroquine and NH4Cl accelerated mTORC1 decrease during amino
acid starvation, suggesting that lysosomal degradation helps sustain mTORC1 activation in the
early phase of amino acid starvation. Accelerating degradation of existing autophagosomes,
therefore, probably represents a mechanism by which cells cope with short term starvation,
while during prolonged starvation, cells rely on upregulation of autophagy to support cell
survival.
Glutamine has been recurrently implicated to play a role in autophagy. α-ketoglutarate is
an essential intermediate of the TCA cycle for ATP synthesis. Lack of glutamine has been
shown to increase autophagosome biogenesis, due likely to the reduced ATP production, which
signals through the AMPK pathway to regulate autophagy via controlling mTORC1 and Ulk1
[Kim et al., 2011; Zhu et al., 2015]. On the other hand, glutamine removal has also been
reported to reduce autophagy, as the LC3-II level is lower when glutamine is deprived.
However, the interpretation of LC3-II levels as an indicator of autophagy is not straightforward.
Since autophagy is a dynamic process consisting of constant autophagosome biogenesis and
turnover, changes in LC3-II levels can result from a change in either autophagosome biogenesis
or autophagosome turnover; therefore, inclusion of lysosomal degradation inhibitors, such as
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bafilomycin A1 or CQ, is necessary to correctly evaluate how autophagic flux is affected. Thus,
our study reconciled the controversy from previous studies regarding the role of glutamine in
regulating autophagy.
It is generally believed that lysosomal pH ranges around 4.5~5.0. I determined the
median lysosomal pH to be ~5.7 for cells placed in the culture medium that contains 4 mM or
more glutamine, which was reduced to 4.5~5 after the removal of glutamine (Figs. 45A-B, 46A).
Given that most of the previous studies examined lysosomal pH in physiological buffers in the
absence of amino acids [Cai et al., 2016; Johnson et al, 2016; Cang et al, 2013], my current
finding indicates that under normal growth conditions, cells have higher steady-state lysosomal
pH than previously thought. It has been suggested that lysosomes that are close to nuclei tend
to have lower pH while those near the cell peripheral tend to have higher pH [Johnson et al.,
2016]. I confirmed this phenomenon in MEF cells cultured in medium containing either no
glutamine or 6 mM glutamine despite the overall all increase in lysosomal pH in the presence of
glutamine (Fig. 45A-B). Hence, the effect of glutamine hydrolysis on lysosomal pH seems
universal throughout the whole cell. It is worth noting that even though the optimal pH of most
lysosomal hydrolases is around 4.5, these enzymes are still able to carry out degradation
function at pH 5.5 or higher, albeit with a lower efficiency [Xiong and Zhu, 2016]. Thus, the
higher pH conferred by glutamine supplementation does not imply lysosomes to be completely
inoperative; they just do not work at the maximal capacity.

3.3 Implication of regulation of glutamine on health
In mammals, the main source of glutamine is skeletal muscle. The concentration of
glutamine in skeletal muscle has been reported to be as high as 20 mM [Mittendorfer et al.,
2001], while the plasma concentration ranges from 300 µM to 2 mM [Maestri et al., 1992]. It
seems that an appropriate concentration of glutamine is critical for the health of the organism.
Increased intake of glutamine protected the muscle from being degraded in septic rats [Holecek
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et al., 2015] and attenuated cachexia in human patients [Yoshida et al., 2001] and animal
cancer models [Martins et al., 2016]. Excessive glutamine, however, likely impairs the nervous
system. In a mouse model of Rett Syndrome, a neurological disorder with severe language and
coordination impairment, SNAT1, the plasma membrane-residing glutamine transporter, is
upregulated in the microglia. Consequently, the microglia exhibited accumulation of
dysfunctional mitochondria and neurotoxicity [Jin et al., 2015]. In vitro study also showed that
addition of glutamine led to mitochondrial membrane permeability transition and generation of
undesired levels of reactive oxygen species in astrocytes [Rao et al., 2003]. All these
physiological and pathological phenomena can be explained by the regulation of lysosomal pH
by glutamine, as dysfunctional lysosomes are extensively implicated in muscle pathology and
neurodegeneration [Bonaldo and Sandri., 2013; Sandri et al., 2013; Plotegher and Duchen,
2017; Kao et al., 2017; Lie and Nixon, 2019].
On the other hand, neutralizing lysosomal pH by lysosomotropic agents, such as
hydroxychloroquine, has been utilized as therapy to treat malaria, some types of cancer, lupus
and arthritis. Remarkably, hydroxychloroquine has been extensively implicated in blocking a
broad spectrum of virus replication, including Borna disease virus [Gonzalez-Dunia et al., 1998],
the minute virus of mice [Ros et al., 2002], avian leucosis virus [Diaz-Griffero et al., 2002],
Hepatitis A virus [Bishop et al., 1998], HIV-1 [Sperber et al., 1997], Zika virus [Li et al., 2017],
SARS-CoV [Vincent et al., 2005]. Recently, choloroquine has also been suggested to inhibit
SARS-CoV-2 replication [Wang et al., 2020]. Therefore, elevating lysosomal pH could be an
effective antiviral therapeutic strategy. However, hydroxychloroquine treatment causes multiple
side effects, with mild ones such as vomiting and headache as well as severe ones such as
seizures, breath stopping and ventricular fibrillation. Our study suggests that the use of certain
concentrations of glutamine might be a safer surrogative strategy to increase lysosomal pH.
Indeed, supplementation of glutamine has been demonstrated to diminish replication of herpes
simplex virus [Wang et al., 2017]. It would be intriguing to quantitatively examine whether
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supplementation of glutamine also reduces infectivity of the viruses that can be controlled by
hydroxychloroquine treatment.
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Chapter 7

Perspectives and Future Directions

An Integrated Model for Regulation of Lysosomal Function and Cell Metabolism by Ions
Lysosomes contain the essential machineries to carry out catabolic functions. The newly
generated building blocks inside lysosomal lumen signals nutrient sufficiency to mTROC1 and
fuels the anabolism. Besides the hydrolases, channels / transporters of ions and metabolites
also play crucial roles to coordinate the degradation and cellular metabolism. Therefore,
understanding the dynamics of lysosomal ions and metabolites would shed light on the
fundamental mechanism of how lysosome functions and impacts cell behavior.
1. Is degradation the only essential function of lysosomes?
In the traditional view, H+ is thought to be essential for lysosomal functions principally
because acidic pH is important for the degradation activities of lysosomal hydrolases. My finding
demonstrates that the normal lysosomal pH of mammalian cells should range from 4.6 to 5.8,
depending on the availability of glutamine and activity of glutaminases. This seems to implicate
that lysosomal pH is often far from the optimal values for the lysosomal hydrolases. However,
the optimal pH values of lysosomal enzymes range from 3~7, and nearly a half of them work
optimally at pH values higher than 5. Therefore, the acidic pH of the lysosomal lumen normally
reported for most mammalian cells may not be that important for many of the degradation
enzymes. In fact, for most lysosomal hydrolases, the pH-dependence curves are bell-shaped
over a broad range and their activities do not alter dramatically with a small change in pH. This
questions the traditional view on degradation being the most critical function regulated by
lysosomal pH.
2. Lysosomal luminal homeostasis of ions and metabolites depends on the pH
Given the critical role of luminal H+ in the uptake of several other ions, including Ca2+,
Cl-, and Na+, into the lysosome, it is worthwhile to consider that the acidic luminal pH also plays
a pivotal role in maintaining the overall ion homeostasis of these acidic organelles. Importantly,
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the luminal concentrations of Ca2+ and Na+ are directly linked to several vital functions of the
lysosome, including vesicle trafficking that requires both fission and fusion of the vesicles
involved, enzymatic degradation and substance transport across the lysosomal membrane. As
introduced earlier, the small volume of a lysosome makes it easy for luminal ionic composition
to be perturbed by activities involving lysosomal ion channels and transporters. Thus,
mechanisms have to be put in place to quickly bring the ionic concentrations back to normal for
continued and/or next round of activities. The importance of H+ in maintaining luminal Ca2+ has
been clearly established by numerous studies in which V-ATPase inhibitors were used to
deplete lysosomal Ca2+ content [Calcraft et al., 2009; Christensen et al., 2002; Churchill et al.,
2002]. It is also well established that H+ is needed for the function of NHE and ClC-6/7 to carry
out the exchanger function for the transport of Na+ and Cl-, albeit whether these are the only or
even the main pathways for maintaining the homeostasis of these ions during ion channel
activities deserves further investigation.
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3. NH3 as the tuner of lysosomal pH
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Figure 50. Schematic Model – Regulation of Lysosomal Function and Cell Metabolism by Ions. H+ in the
lysosome serves 3 main roles: 1) as a co-factor for lysosomal hydrolases to carry out degradation to
regenerate metabolites, including amino acids (AA), which are important for mTORC1 activation; 2) as a
substrate for H+-dependent co-transport of ions such as Cl-, Ca2+, and Na+; 3) as a regulator of H+sensitive transport of amino acids, including arginine, which is critical for mTORC1 activation. Na+ serves
as regulator for amino acid transport via Na+-dependent AA transporters, such as SNATs, as well as for
regulation of lysosomal membrane potentials. Ca2+ release via TPCs, also other Ca2+-permeable channels,
facilitates fusion of other vesicles such as autophagosomes or endosomes with lysosomes. NH3
generated via glutamine hydrolysis is able to dampen the lysosomal H+ concentration, hence modulating
all the cellular processes mentioned above.

My study identified NH3 generated via glutamine hydrolysis as an important link between
nutrient availability, cell metabolism and ion homeostasis (Fig. 50). Under fed conditions,
abundant glutamine generates sufficient NH3 to elevate lysosomal pH to suppress degradation
while allowing certain amino acids, such as arginine, to be transported into the lysosomes to
support mTORC1 activation. In contrast, during starvation, the reduced glutamine leads to a
more acidic lysosomal pH, which in turn boosts the degradation to regenerate nutrient building
blocks, such as amino acids and lipids. Meanwhile, mTORC1 deactivation leads to opening of
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TPCs, which dissipate the lysosomal Na+. It should be reminded that luminal Na+ loss might
lead to changes of other ions, including Ca2+ and H+, in addition to the suppression of Na+dependent transport activities of small metabolites. Detailed profiling of lysosomal ion and
metabolite compositions in response to the opening / closing of ion channels in various nutrient
conditions is needed in order to understand the coordination among ion homeostasis, nutrient
availability, lysosomal degradation and cellular metabolic control. In conclusion, through
regulating lysosomal ion homeostasis, Two Pore Channels, glutaminases and amino acid
transporters cooperate to provide an optimal environment for lysosomal digestive enzymes,
regulate vesicle trafficking, and function as critical mediators of mTORC1 pathway to facilitate
cell adaptation to metabolic stress. Future studies into these areas will not only greatly enrich
our understanding of lysosomal function and cell metabolism but also shed lights on new ways
to treat lysosomal storage and metabolic diseases.
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