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Abstract

S-acylation, sometimes referred to as S-palmitoylation or simply palmitoylation, is a posttranslational
protein modification involving the covalent addition of a fatty acid to cysteine residues. Since the first
characterization of protein palmitoylation over 40 years ago, this modification has been implicated in
a variety of cellular processes, particularly membrane targeting, protein localization, and regulation of
protein-protein interactions. These processes are essential in autophagy, a membrane-dependent
cellular recycling and degradation mechanism to remove damaged organelles and toxic proteins. Due
to its unique reversibility among lipid modifications as well its regulatory roles in membrane-
dependent processes essential to autophagy, palmitoylation has recently began to be explored in the
context of autophagy. Despite increasing evidence pointing to a regulatory role of palmitoylation in
autophagy, methods for the detection of palmitoylated proteins specifically under autophagic
conditions have not been a focus for development and optimization. The aim of this thesis project was
to optimize detection methods of palmitoylated proteins during autophagy. In this regard, we
combined existing techniques of chemical autophagy induction, metabolic labeling with bio-
orthogonal fatty acid analogs that are detectable with click chemistry, as well as affinity purification
for the detection and identification of palmitoylated proteins during autophagy. First, we tested
several new commercial products and established a working protocol for the click chemistry assay.
We then demonstrated that delivery of detectable alkynyl fatty acids into cells during metabolic
labeling can be considerably improved with the use of delipidated media and saponification of fatty
acids. Cellular incorporation of the 18-carbon alkynyl stearate, the most commonly used fatty acid
analog, was shown to be improved the most through saponification and incubation with fatty acid free
bovine serum albumin (BSA), leading to greater availability of the fatty acid label and significantly

enhanced overall palmitoylation signal. In addition, saponification of fatty acids prior to addition to
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cell culture can protect cells from lipotoxicity and activation of stress pathways induced by the direct
addition of fatty acids. Next, we tested two approaches to enrich and purify palmitoylated proteins
following click chemistry linkage of an affinity probe. In addition, we determined optimal treatment
times of autophagy induction using rapamycin to induce the most robust autophagic flux. Finally, we
demonstrated low throughput confirmation and characterization of palmitoylation in two proteins of
interest, the small VCP-interacting protein and the spike protein of the SARS-CoV2 virus, via
immunoprecipitation and click chemistry detection. The established methods and findings of this
study provide important foundations to identify palmitoylation targets and characterize pathways of
palmitoylation regulation during autophagy, which ultimately will provide valuable insight on the

molecular mechanisms of a wide range of diseases from cancer to neurodegeneration.
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Chapter 1

Introduction

Protein posttranslational modifications govern many aspects of protein function. Fatty acylation
involves the covalent addition of short and long-chain fatty acids to proteins (Zaballa & van der Goot,
2018). In particular, S-acylation serves to regulate a myriad of cellular processes, especially those
involved in protein trafficking and membrane interactions. For these reasons, the Martin lab is
interested in the role of S-acylation in autophagy, a lysosomal clearance and degradation mechanism
that is heavily dependent on these processes (Parzych & Klionsky, 2013). Since autophagy is often
impaired in neurodegenerative diseases leading to a buildup of toxic protein aggregates, therefore,
gaining insights on how autophagy may be regulated by S-acylation may identify novel therapeutic
targets. The present thesis aimed to optimize detection of protein S-acylation during cellular
autophagy. Through these experiments, we aimed to amplify the sensitivity of detection of such
proteins to enable further characterizations of how they are S-acylated, as well as how this

modification contributes to their functioning.

1.1 Protein S-acylation

Fatty acylation predominantly refers to S-acylation and N-myristoylation. The term S-acylation is
used interchangeably with S-palmitoylation, or simply palmitoylation, owing to the 16-carbon
palmitic acid being the most common fatty acid in cells, and therefore probably the most preferred
(Linder & Deschenes, 2007; Zaballa & van der Goot, 2018). S-acylation occurs between the thiol
group on the cysteine residue of the target protein and the carbonyl carbon of the fatty acid (Figure
1.1A), resulting in a labile thioester bond which can be dynamically regulated by enzymes (Sanders et
al., 2015; Zaballa & van der Goot, 2018). On the other hand, N-myristoylation refers to the addition

of the 14-carbon myristic acid to N-terminal glycines, and sometimes lysines, through an amide bond
1



(Resh, 2016; Stevenson et al., 1992). Since the first discovery and characterization of protein S-
acylation in the 70’s (Braun & Radin, 1969; Schmidt et al., 1979), over 5000 proteins have been
identified as substrates by the time of the creation of SwissPalm in 2015, an online database of
palmitoylated proteins (Blanc et al., 2015). Frequency analysis of another systems-wide curation of
palmitoylated proteins, Swiss-prot, estimated more than 10% of the proteome to be palmitoylated
(Khoury et al., 2011). Therefore, it is reasonable to conclude that protein palmitoylation plays an

important role in numerous cellular processes.

Protein palmitoylation is highly conserved among eukaryotes (Zaballa & van der Goot, 2018). The
importance of palmitoylation regulation of protein functions has been underestimated due to the
technical difficulties in detection. However, with recent advances in new efficient, rapid, and
sensitive detection methods, palmitoylation has begun to emerge as an important mechanism. The
unique reversibility of S-acylation among all lipid modifications makes it an interesting candidate for
regulatory roles by enabling rapid and dynamic signaling, similar to phosphorylation (Sanders et al.,
2015). A study in 2015 by Sanders, Martin and colleagues compiled all mammalian
palmitoylproteome studies to date and performed enrichment analysis on cellular functions of
palmitoylated proteins. The study revealed a high percentage of palmitoylation enriched in neuronal
processes including synaptic vesicle fusion and recycling, which supported the importance of

palmitoylation in the brain and neurodegenerative disorders (Sanders et al., 2015).
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(A) Palmitoylation involves the reversible addition of long-chain fatty acids (FA) to cysteine residues
via thioester bonds. (B) The ABE and Acyl-RAC assays use N-ethylmaleimide (NEM) to block free
cysteines and hydroxylamine (HAM) to remove palmitate. The Acyl-RAC assay uses thiopropyl-
sepharose beads that covalently react with the free cysteines, allowing enrichment and elution, using
B-mercaptoethanol (BME), of palmitoyl-proteins and detection by MS. Following HAM treatment in
the ABE assay free cysteines are labeled using Biotin-HPDP, allowing streptavidin-sepharose
enrichment for MS. (C) The bioorthogonal-labeling assay uses alkyne-FA analogues followed by
click chemistry to covalently link alkynyl-palmitate with biotin, allowing enrichment of palmitoyl-
proteins for MS (Sanders et al., 2015).

1.1.1 Mechanisms of palmitoylation and protein S-acyltransferases (PATS)

Protein palmitoylation is facilitated by a family of enzymes with the highly conserved zinc finger
zDHHC (Asp-His-His-Cys) domains (Resh, 2016), referred to as protein S-acyltransferases (PATSs)

(Lemonidis et al., 2017; Zaballa & van der Goot, 2018). First discovered in yeast, the identification of
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the zZDHHC motif within a cysteine-rich domain that was required for palmitoylation led to the
subsequent discovery of 23 mammalian PATs (Keller et al., 2004; Lobo et al., 2002; Roth et al.,

2002).

The mammalian zDHHC enzymes typically consist of four or six transmembrane domains and the
majority of the zZDHHC domains are restricted to the cytosolic side (Ohno et al., 2006; Zaballa & van
der Goot, 2018). Most mammalian PATs are localized to the endoplasmic reticulum (ER) and the
Golgi apparatus, while a few appear at the plasma membrane (Ohno et al., 2006). A structural study
of PATs by Rana and colleagues showed the transmembrane domains to have a pyramidal structure
with the base containing the active site facing the cytosol, which assists in the prediction of
palmitoylation substrates where proteins with cysteines close the cytosolic side of transmembrane

domains are more likely to be palmitoylated (Rana et al., 2018; Reddy et al., 2016).

Protein palmitoylation occurs in two steps: first, the acyl-coenzyme A from the fatty acid forms an
acyl-enzyme intermediate with the ZDHHC cysteine of the PAT, then the acyl moiety is transferred
from the zZDHHC cysteine to the cysteine of the target protein (Figure 1.2) (Rana et al., 2018; Zaballa

& van der Goot, 2018).
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Figure 1.2 Mechanism of zDHHC-catalyzed cysteine palmitoylation.
Two-step palmitoylation mediated by protein acyltransferases (Jiang et al., 2018).

To date, no consensus sequence has been identified for palmitoylation (Jiang et al., 2018; Zaballa
& van der Goot, 2018). However, there are several strategies to predict potential sites of
palmitoylation. Prediction algorithms exist based on the collection of thousands of identified
substrates of palmitoylation (Zhou et al., 2006). In addition, palmitoylation sites usually occur on
cysteines on or near transmembrane domains or membrane-targeting domains of a protein (Jiang et
al., 2018). Lastly, identification of binding motifs of protein acyltransferases may also suggest the
likelihood of palmitoylation on a given protein. For example, the cytosolic N-terminal ankyrin repeat
present in two of the PATs, zZDHHC17 and zDHHC13, were found to recognize a consensus sequence
[VIAP][VIT]XXQP on a number of known palmitoylated proteins, including huntingtin and
synaptosomal-associated proteins (Lemonidis et al., 2015). Interestingly, PATs such as zDHHC17
and zDHHC13 are highly expressed in the brain, which may suggest an abundance of protein

palmitoylation in the brain (Jiang et al., 2018; Lemonidis et al., 2015).



1.1.2 Enzymes of de-palmitoylation

The removal or palmitate from palmitoylated proteins, or de-palmitoylation, is mainly catalyzed by
acyl protein thioesterases (APTs), which are part of the metabolic serine hydrolase superfamily
(mSH) (Long & Cravatt, 2011; Won et al., 2017). Identified even before the discovery of protein
acyltransferases, APT1 and APT2 in the mSH family were shown to be responsible for de-
palmitoylation through a catalytic triad for the hydrolysis of the thioester bond (Won et al., 2017). In
addition to APTs, the ABHD17 (alpha/beta hydrolase domain 17) family of proteins were also
recently found to de-palmitoylate Ras and synaptic proteins (Lin & Conibear, 2015; Won et al.,
2017). De-palmitoylation can also occur non-enzymatically through hydrolysis. The present study

focuses on protein palmitoylation and its detection.

1.2 Methods of palmitoylation detection

1.2.1 Radiolabeling

The early methods of detection with the first studies of palmitoylation involved in vitro metabolic
labeling with radioactive [*H]-palmitic acid and ['*C]-palmitic acid, during which cells were
incubated with radioactive palmitate, followed by immunoprecipitation and fluorography detection on
autoradiography film (Gao & Hannoush, 2017; Zaballa & van der Goot, 2018). This method required
lengthy exposure periods up to months. ['?°I] iodo-fatty acid analogs were also available with shorter
detection times but posed much higher biosafety risks requiring close health monitoring of the
researchers, therefore impeded the discovery of and advancements in the studies of S-acylated

proteins.

Radiolabeling was extremely slow and inefficient, therefore not suitable for combination with other
proteomic techniques. This, in addition to the inability for quantitative measurement of

palmitoylation, called for new detection methods. The subsequent development of both exchange and
6



click chemistry-based methods was many times more rapid and sensitive, thus enabling a boom in the

discovery and characterization of palmitoylated proteins.

1.2.2 Bioorthogonal labeling with click chemistry

Similar to using radioactive palmitate, bioorthogonal labeling with click chemistry is also a method
of metabolic labeling. However, this recent advancement poses great improvements on the
radioactive metabolic labeling method. Bioorthogonal compounds were first introduced in the early
2000s and adapted for the use of metabolic labeling in palmitoylation detection (Hang et al., 2003,
2007, 2011; Heal et al., 2007; Kostiuk et al., 2008; D. D. O. Martin et al., 2008). Bioorthogonal
compounds are highly selective and do not occur naturally, however, their specificity allows the study

of biological processes with taggable handles (Scinto et al., 2021).

Click chemistry reaction refers to a group of chemical reactions but typically refers to the Cu(I)-
catalyzed [3+2] cycloaddition which is highly specific between an alkyne and an azido group (Gao &
Hannoush, 2017; Heal et al., 2008; B. R. Martin et al., 2012; Yap et al., 2010). Therefore, metabolic
labeling for protein palmitoylation detection requires the use of fatty acid analogs with either an
alkyne or azido handle. Cells are then incubated with the fatty acid analogs to allow cellular uptake
and incorporation of the detectable fatty acids through modifications such as palmitoylation (Figure
1.1C) (Sanders et al., 2015; Zaballa & van der Goot, 2018). Proteins modified by the fatty acid analog
can be detected through click chemistry linkage of a detectable probe, typically biotin or a
fluorophore (Gao & Hannoush, 2017). In the case of fatty acylation, the 16-carbon alkynyl-palmitate
(15-hexadecynoic acid; 15-HDYA) and 18-carbon alkynyl-stearate (17-octadecynoic acid — 17-
ODYA) are used for the detection of S-palmitoylation, while the 14-carbon alkynyl-myristate (13-

tetradecynoic acid; 13-TDYA) is used to detect N-myristoylation (Gao & Hannoush, 2017).



Click chemistry detection of protein palmitoylation poses several advantages. First, the nature of
metabolic labeling of cells over several hours allows the capture of dynamically palmitoylated or
myristoylated proteins, and therefore allows the profiling of changes in fatty acylation over a specific
period of time during which treatments may be involved. Second, click chemistry detection of
palmitoylated proteins is relatively rapid in comparison to exchange-based methods with fewer steps,
and eliminates the acetone precipitation steps which may result in loss of protein (Liao et al., 2021).
Finally, click chemistry can be combined with additional proteomic methods for downstream analysis
of lipidation such as stable isotope labeling by amino acids in cell culture (SILAC), pulse-chase
analysis, as well as affinity purification for mass spectrometry. There are, however, limitations to
click chemistry detection. During metabolic labeling, proteins must be “available” to undergo
lipidation, whereas proteins that have already been stably modified by fatty acids would be unable to
take up the fatty acid analog for detection. Importantly, since metabolic labeling requires the cells to
adequately incorporate the fatty acid into the cells, effective delivery is critical. The sensitivity of the
assay is dependent on sufficient cellular uptake and availability of the alkynyl fatty acids within the
cell, therefore inefficient delivery will inherently lead to low detection of fatty acylated proteins (Liao

etal., 2021).

1.2.3 Acyl-biotin exchange (ABE) and acyl-resin assisted capture (Acyl-RAC)

In addition to metabolic labeling and click chemistry detection, cysteine-centric methods take
advantage of the reversibility of the thioester bond in palmitoylation. Thioester bonds are selectively
cleaved following blockage of free cysteines, leaving newly freed cysteines available for the linkage
of either biotin or thiol-reactive beads in ABE or acyl-RAC, respectively (Figure 1.1B) (Sanders et

al., 2015; Zaballa & van der Goot, 2018).



Exchange-based methods are considered complementary to metabolic labeling and click chemistry
due to their limited detection of stably palmitoylated proteins, as well as the inability to capture
palmitoylated proteins with a high turnover rate (Zaballa & van der Goot, 2018). Unfortunately, both
ABE and acyl-RAC are prone to false positives due to incomplete blockage of free cysteines,
cleavage of non-palmitoylation thioester bonds, and nitrosylation, which is also a cysteine
modification (Majmudar & Martin, 2014; Roth et al., 2006; Zaballa & van der Goot, 2018; Zargba-

Koziot et al., 2018).

1.3 Palmitoylation in autophagy

1.3.1 Overview of autophagy

Autophagy is one of the cells’ innate waste degradation and clearance mechanisms through the
lysosome. This process involves the engulfment of misfolded proteins as well as damaged organelles
which are then transported to the lysosome, consequently recycling raw materials (Condello et al.,
2019; Menzies et al., 2017). The term autophagy typically refers to macroautophagy, although more
specific forms of autophagy exist (D. D. O. Martin et al., 2015). Under normal cellular conditions,
autophagy is mainly suppressed by the mammalian target of rapamycin (mTOR)/AMP-activated
protein kinase (AMPK) signaling pathway and only occurs at low basal levels to maintain
homeostasis (Parzych & Klionsky, 2013; Tanida, 2011). However, autophagy is rapidly upregulated
in response to several factors such as nutrient deprivation, loss of growth factors, or buildup of toxic

and damaging materials (Levine & Kroemer, 2008).

The stages of autophagy involve initiation, elongation, formation of the double-membraned
autophagosome, cargo loading, trafficking to lysosome, and finally fusion to lysosomes resulting in
the formation of an autophagolysosome and cargo degradation (Figure 1.3) (Al-Bari, 2020; D. D. O.
Martin et al., 2015). The initiation of autophagy triggers the dissociation of mTOR and prompts the
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formation of an isolation membrane surrounding targets of degradation (Figure 1.3). Substrate
targeting is guided by sequestosome-1 (SQSTM1), also known as p62, (Al-Bari, 2020). In order for
membrane tethering and expansion of the isolation membrane to proceed, phosphatidylethanolamine
(PE) must be linked to the microtubule-associated protein 1A/1B-light chain 3 (MAPI-LC3, or LC3),
and the resulting LC3-II is bound to both the inner and outer membranes of the autophagosome
(Parzych & Klionsky, 2013; Tanida, 2011). The mature autophagosome is then trafficked to the
lysosome for fusion, resulting in the formation of the autophagolysosome which then enables
degradation of the substrates along with LC3-I and p62, while LC3-1I is recycled (Al-Bari, 2020; D.

D. O. Martin et al., 2015; Tanida, 2011). Due to the extensive involvement of p62 and LC3, the two

are often used as markers of autophagy.
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Figure 1.3 Autophagy is a membrane-dependent process.

Autophagy involves the formation of double-membraned vesicles that incorporate damaged
organelles and toxic or aggregated proteins, and fuse with the lysosome for degradation (D. D. O.

Martin et al., 2015).

The stages of the autophagic process can be disrupted at any time, resulting in different cellular

phenotypes such as empty autophagosomes due to cargo loading errors, buildup of autophagosomes
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due to the inability to be trafficked or fused to the lysosome (D. D. O. Martin et al., 2015). Therefore,
it is not surprising that autophagy is impaired in a myriad of diseases, ranging from
neurodegeneration to cancer, and thus inspiring an aim to restore autophagy functions for therapeutic
purposes. However, regulation of autophagy is incredibly complex and much remains to be

understood.

1.3.2 Considerations for the potential of palmitoylation regulation in autophagy

Palmitoylation presents a promising potential means for autophagy regulation for several reasons.
First, autophagy is a highly membrane-dependent process. Palmitoylation increases hydrophobicity
and changes the conformation of a protein, therefore promoting membrane-membrane interactions
(Chamberlain & Shipston, 2015; Linder & Deschenes, 2007). Second, palmitoylation is rapid and
reversible, enabling stricter control over protein-protein or protein-membrane interactions for
dynamic responses to signaling (Jiang et al., 2018; Resh, 2016; Sanders et al., 2015). Most
importantly, there is already empirical evidence of several autophagy regulators that are not only
palmitoylated, but whose autophagic roles are dependent on their palmitoylation as well (Kim et al.,

2018; Ra et al., 2016; Sanders et al., 2019; H. Wang et al., 2015).

Only recently has evidence for the role of palmitoylation in autophagy begun to be examined, yet
few studies have shown the importance of protein palmitoylation in mediating autophagy (Kim et al.,
2018; Ra et al., 2016; Sanders et al., 2019). Therefore, it is important to optimize palmitoylation
detection, specifically in the context of autophagy, to identify and characterize how this particular
modification may influence autophagic functions, which can ultimately provide important insight in

disease pathogenesis in a variety of disorders.
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1.3.3 Palmitoylated proteins associated with autophagy

The most convincing argument for palmitoylation regulating autophagy is the identification and
characterization of several proteins essential for autophagy which undergo palmitoylation, especially

those whose autophagy functions rely on palmitoylation.

mTORCI activation, and therefore inhibition of the autophagy initiation complex, was found to
require palmitoylation (Sanders et al., 2019). Both LAMTORI1, which is critical for mTOR
recruitment to lysosomes for activation, as well as mTOR, the catalytic subunit of mMTORC1/2 were
found to be palmitoylated (Sanders et al., 2019). Autophagy downregulation increased LAMTOR1
palmitoylation and activated mTORCI1; both effects were abolished by pharmacological inhibition of
palmitoylation (Sanders et al., 2019). In addition, LAMTOR1 with mutated cysteines was unable to
translocate to the lysosome (Sanders et al., 2019). These findings suggest a negative regulatory role of
palmitoylation in the LAMTOR/mTORCI interaction during autophagy, in which mTORCI1
activation by LAMTOR palmitoylation suppresses autophagy. However, palmitoylation in the
specific regulation of the canonical mMTORC signaling pathway still remains to be defined as well as

its substrates.

Palmitoylation has recently been shown to regulate autophagy through another mechanism by
controlling trafficking of the intracellular calcium channel mucolipin 3 (MCOLN3) (Kim et al.,
2018). Intracellular trafficking of mucolipin 3, which was required for the biogenesis of the
autophagosome, was shown to occur in a palmitoylation-dependent manner. Both overexpressed
GFP-tagged MCOLNS3, as well as endogenous MCOLN3, were found to be palmitoylated via bio-
orthogonal labeling with 170DYA and click chemistry (Kim et al., 2018). In addition, starvation-
induced autophagic response increased MCOLN3 palmitoylation (Kim et al., 2018). MCOLN3 with
mutated palmitoylation sites showed no increase in autophagy and was unable to traffick to

autophagosomes upon starvation (Kim et al., 2018). Remarkably, palmitoylation regulation of
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mucolipin trafficking and localization occurred specifically under autophagic, but not normal
conditions to recruit MCOLN3 for the formation of autophagosomes (Kim et al., 2018). These
findings further support a distinct, enhanced role of palmitoylation during autophagy in comparison to

normal physiological conditions.

As a possible alternative autophagy mechanism in the context of pathogen removal, tripartite motif
containing protein (TRIM) 31 was shown to enable autophagy related gene (ATG) 5 and 7-
independent formation of autophagolysosome in a palmitoylation-dependent manner (Ra et al., 2016).
Palmitoylation was found to facilitate TRIM31-mediated formation of LC3-I positive
autophagolysosome originating from mitochondria by regulating TRIM31 interaction with PE, which
was disabled in the presence of palmitoylation inhibitors or cysteine mutations (Ra et al., 2016). As it
turns out, several TRIM family proteins influence autophagy. TRIM63 directly interacts with p62 and
knockout of TRIM63 led to an upregulation of p62 while mRNA levels remained comparable (Witt et
al., 2008). Interestingly, TRIM63 is predicted to be palmitoylated and may mediate selective
autophagy involving p62 through palmitoylation (Blanc et al., 2015; Khan et al., 2013). Taken
together, the TRIM family proteins may mediate specific autophagic pathways in response to
different stimuli, but in a common palmitoylation-dependent manner, suggesting that palmitoylation
in autophagy is involved in multiple pathways, further highlighting its importance in general cellular

autophagy.

In addition, palmitoylation was shown to enable fusion of autophagosomes to lysosomes by
mediating phosphatidylinositol (4)-kinase type 2-alpha (PI4Klla) localization to autophagosomes,
which was disabled by cysteine mutations (H. Wang et al., 2015). Preliminary data from the Martin
lab has also shown several autophagy regulators to be palmitoylated with acyl-biotin exchange
detection (unpublished). Strikingly, approximately 50% of all autophagy regulators have been found

to be palmitoylated to date (unpublished). Taken together, the identification of a wide range of
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palmitoylated proteins that are involved in autophagy suggests a widespread regulatory role of

palmitoylation.

Autophagic processes do not occur through a single pathway. The identification of palmitoylated
proteins in multiple autophagic pathways further underscores the importance of palmitoylation in
autophagy regulation. Despite the increasing number of studies identifying and characterizing
palmitoylated autophagy-associated proteins, no studies to date have aimed towards optimizing
palmitoylation detection specifically in the context of autophagy on a macro scale, which will be the

objective of this project.

1.4 Research objective

The objective of this study was to optimize a top-down approach of palmitoylation detection by
inducing cellular autophagy, isolating and enriching palmitoylated proteins through metabolic
labeling and click chemistry, and subsequent enrichment for mass spectrometry to identify proteins
with changes in their palmitoylation profile. The optimization of this method may enable increased
sensitivity in the detection of potential substrates of interest, particularly those implicated in diseases
involving impaired autophagy, such as amyotrophic lateral sclerosis, Huntington disease, and other

neurodegenerative disorders.
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Chapter 2

Materials and Methods

2.1 Cell culture

Table 2.1 Mammalian cell culture

Cell line Organism Source
Human embryonic kidney 293T cells (HEK293T), Human Sigma
12022001
HelL a, epitheloid cervix carcinoma 93021013 Human Sigma
Hippocampal derived neuronal cells (HT22) Mouse Michael
Beazely lab

Cells were revived from frozen stocks stored at -80°C and maintained in 10 cm tissue culture plates in
Dulbecco’s Modified Eagle Medium (DMEM, Wisent) supplemented with 10% Fetal Bovine Serum
(FBS), 1x Penicillin-Streptomycin, 2 mM L-glutamine, and 100 mM sodium pyruvate (1% vol/vol).
Every 2 to 3 days or after reaching 80-90% confluency, cells were split and passaged up to
approximately 30 passages. To split, cells were washed with 1X phosphate buffered saline (PBS),
incubated with Trypsin-ethylenediaminetetraacetic acid (EDTA) Solution 1X (Wisent) for 5 minutes,
then diluted tenfold in supplemented DMEM, and plated onto new tissue culture plates for
maintenance with a further dilution factor of 5 to 20 depending on cell type and growth rate. The cells

were maintained in a 37°C humidified incubator with 5% CO».

2.1.1 Metabolic labeling

Metabolic labeling was required for click chemistry experiments. Approximately 500,000 cells/well
were plated (per 2mL of media) in 6-well tissue culture plates and grown overnight to reach 70-80%

confluency. For deprivation media, DMEM was supplemented with 5% Dextran Charcoal Coated
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Fetal Bovine Serum (DCC-FBS) instead of 10% FBS. Existing cell culture media was aspirated and
replaced with deprivation media prewarmed to 37°C. Cells were incubated in deprivation media for
30-60 minutes depending on the protocol at 37°C prior to the addition of inhibitors, if applicable. 100
UM 2-bromopalmitate (2BP) (Sigma-Aldrich) solubilized in 100% ethanol was used as the
palmitoylation inhibitor, whereas 10 uM DDD85646 (Cayman Chemical) was used as the
myristoylation inhibitor. Upon addition of inhibitors, the cells were returned to 37°C for a further 15-

minute incubation before addition of fatty acids.

2.1.2 Preparation and saponification of fatty acids

Alkynyl fatty acid analogs were solubilized in dimethyl sulfoxide (DMSO) (100 mM for palmitate
and stearate, 25mM for myristate) and stored at -20°C. If applicable, alkyne-labeled and unlabeled
fatty acids were saponified with 20% molar excess of KOH in 1:1 ratios in 3 mL glass reaction vials
and incubated at 65°C for 5 minutes, or until no solids remain. Immediately after, 50 volumes of 20%
fatty acid free bovine serum albumin (FAFBSA) prepared in unsupplemented DMEM and pre-
warmed to 37°C were added to the saponified fats such that the volume ratio was 1:1:50 of fatty
acid:KOH:FAFBSA (Table 2.2). The fatty acid mixture was incubated for at least 15 minutes at 37°C.
Appropriate volumes of saponified or non-saponified fatty acids were added dropwise to cells (Table
2.2). The cells were then returned to incubate at 37°C for 2-4 hours for labeling, depending on the

experimental condition. After labeling, cells were harvested in lysis buffer and collected.

Table 2.2 Saponification of fatty acid solution ratios and volumes

Total media Vol. fatty acid or | Vol. KOH Vol. 20% Total vol. of saponified
volume (mL) fatty acid analog (uL) FAFBSA (uL) label to add to cells
(L) (uL)
4 4 4 200 208
2 2 2 100 104

(Liao et al., 2021)
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2.1.3 Calcium phosphate transfection

For studies involving a specific protein of interest, HEK293T cells were transfected with the DNA via
calcium phosphate DNA coprecipitation, as previously described (Jordan et al., 1996). Briefly, cells
were grown to 60-80% confluency in 6-well tissue culture plates and a DNA mix was added dropwise
to the media. The DNA mix consisted of 20 pL DNA (5 pg), 10.2 uL CaCl, (2 M), 53.1 uL
molecular grade distilled deionized H,O (ddH»0), and 83.3 uL 2X 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buftfered saline (HBS). 2 hours after addition of the DNA
mix, cell culture media with the DNA mix were removed and replaced with fresh media. Cells were

typically transfected for 18-20 hours prior to downstream biochemical applications.

Table 2.3 List of DNA plasmids used for transfection in HEK293T cells

DNA Construct Reference Source
G2A-HTT-GFP (D.D. O. Martinet | Gift from Bertiaume
al., 2014) lab
SVIP-mCherry N/A Martin lab
myr-HTT-GFP (D.D. O. Martinet | Gift from Bertiaume
al., 2014) lab
Spike-mCherry (Gordon et al., 2020) N/A
zDHHCI17-HA (Holland et al., 2016) | Gift from Thomas
lab

2.1.4 Induction of autophagy

HeLa cells were used for experiments involving autophagy induction. Autophagy was
pharmacologically induced with rapamycin (solubilized in EtOH, Millipore) at 200 nM final
concentration. In some samples, 100 nM bafilomycin Al was also added with rapamycin to prevent

degradation of the autophagosome, thus allowing the detection of the autophagy marker proteins.
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2.1.5 Lysis

Following aspiration of media and one wash with 1X PBS, the cells were harvested and lysed on
ice. A modified radioimmunoprecipitation assay (RIPA) buffer (0.1% SDS, 50 mM N-2-
hydroxyethylpiperazine-N-ethanesulfonic acid (HEPES) pH 7.4, 150 mM NacCl, 1% Igepal CA-630,
0.5% sodium deoxycholate, 2 mM MgCl, with freshly added 1 mM phenylmethylsulphonyl fluoride
(PMSF) and 10 pug/uL Pepstatin A (or EDTA-free complete protease inhibitor cocktail CIP)) was
used for the lysis of metabolically labeled cells. In the case of click chemistry detection, metal
chelating agents such as EDTA were avoided in the lysis buffer to prevent inhibition of the click
chemistry reaction via removal of copper ions (Kit & Martin, 2019; Presolski et al., 2011). Between
0.5-1 mL of lysis buffer was used per 2-4 mL of cell culture media. Following addition of lysis
buffer, cells were scraped off with a cell scraper and the lysates were collected in pre-chilled 1.5 mL
microcentrifuge tubes. The lysates were then incubated at 4°C rotating end-over-end for 15 minutes,
prior to centrifuging at 16,000 xg for 10 minutes at 4°C. The supernatant was collected into fresh 1.5

mL microcentrifuge tubes for further analysis or stored at -20°C until needed.

The concentration of proteins following lysis was determined using a detergent compatible (DC)
assay as per manufacturer’s instructions (BioRad), using 1 mg/mL bovine serum albumin (BSA) as

the protein concentration standard.

2.2 Immunoprecipitation

Equal amounts of proteins were transferred to new tubes and immunoprecipitated at 4°C rocking

overnight with 0.5-1 uL of primary antibody.

Protein G beads (magnetic or sepharose) were equilibrated 3 times with lysis buffer or the same
buffer as the protein samples, and resuspended. 20-30 uL of the beads slurry were added to each

sample and rocked at 4°C for 2-3 hours. Following incubation, the beads were washed 3 times with
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the previous buffer and resuspended in 45 pL 1% SDS (50 mM HEPES, pH 7.4), followed by heating
at 80°C for 15 minutes with intermittent mixing. Typically, 43 uL of the eluted proteins are used for

click chemistry right away.

2.3 Click chemistry detection

Stock solutions of click chemistry reagents were prepared at appropriate concentrations. 2 mM Tris-
(benzyltriazolylmethyl) amine (TBTA) was solubilized in DMSO and stored under N gas to prevent
oxidation. 50 mM CuSo4 was solubilized in ddH20O and stored at room temperature. 250 mM Tris-
carboxyethylphosphine-HCl (TCEP-HCI) was solubilized in ddH20O and stored at 4°C protected from
light. TCEP-HCI was diluted to 50 mM fresh when needed. Azido probes, including biotin azide, Dde
biotin azide plus, and AFDye 647 fluorescent azide plus, were solubilized in DMSO and diluted to 2

mM and stored at -80°C under N2 gas in small aliquots.

The click chemistry master mix was prepared by adding thawed reagents in the following order in
volumes specified in Table 2.4: TBTA, CuSO4. TCEP-HCI, azido probe. The master mix was well-

mixed before addition to protein samples.

Click chemistry can be performed on either total protein lysates, or immunoprecipitated proteins.
The protein samples were made up to 1% SDS to increase accessibility of the click chemistry
reagents. The samples following addition of the click master mix were thoroughly mixed. The
samples were reacted at 37°C for 30 minutes in darkness, with intermittent mixing by agitation.
Following the 30-minute incubation, the reaction was stopped either by precipitation with 10 volumes
of ice cold 100% acetone, or through denaturation with sample loading buffer (SLB) (BioRad) to 1X
concentration with f-mercaptoethanol (Pme) or dithiothreitol (DTT). Final concentrations of the

reducing agents were kept below 20-25 mM to avoid hydrolyzing the thioester bonds and consequent

19



loss of signal. The denatured sample in SLB was boiled at 95°C for 5 minutes prior to separation by

SDS-PAGE.
Table 2.4 Click reagent and protein volume ratios
Total Vol. protein | Vol. TBTA (2 | Vol. CuSO4 Vol. TCEP Vol. azido
reaction mix (uL) mM) (uL) (50 mM) (50 mM) probe (2
vol. (uL) (uL) (uL) mM) (uL)
50 43 2.5 1 1 2.5
100 86 5 2 2 5

(Liao et al., 2021)

2.4 Biotin-based enrichment following click chemistry

For enrichment of proteins, the click chemistry reaction volumes were multiplied 10-fold in 15 mL
Falcon tubes to provide enough protein. The reaction was stopped by precipitating the proteins with
10 volumes of ice-cold acetone overnight. The next day, the precipitated proteins were spun down at
3000 rpm at 4°C for 3 minutes, and excess acetone was decanted and allowed to evaporate for 5

minutes.

The protein pellet was thoroughly resuspended and transferred to 1.5 mL microcentrifuge tubes.
Depending on the experiment, either the aforementioned RIPA lysis buffer or the ABE lysis buffer
(50 mM HEPES, 2% SDS, fresh protease inhibitors without EDTA) was used to resuspend the
protein pellet. Prior to the addition of beads, 50 puL of clicked proteins were saved as input. 20-30 pL
of pre-equilibrated high capacity magnetic streptavidin (Click Chemistry Tools) or high capacity
neutravidin Sepharose beads (Thermo) were added to the samples. The samples were then incubated

2-3 hours end-over-end at 4°C.

Following incubation, the beads were briefly spun down and washed 3 times in the same buffer the

proteins were resuspended in.
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2.4.1 ABE-based elution of proteins following acetone precipitation of clicked

proteins

The precipitated protein pellet was thoroughly resuspended in 0.5 mL ABE lysis buffer. ABE dilution
buffer was prepared (50 mM Tris pH 7.0, 1% Triton x 100, 1 mM EGTA, protease inhibitors, and
NaCl as needed). To each sample, 9.5 mL of ABE dilution buffer (150 mM NaCl) were added. 30 uL
of beads (pre-equilibrated 3 times in dilution buffer with 150 mM NaCl) was added to each sample

and incubated end-over-end at 4°C for 3 hours.

The samples were spun down at 1800 rpm for 3 minutes at 4°C and the supernatant was decanted.
The beads were then resuspended in 1 mL dilution buffer (500 mM NaCl) and transferred to
microcentrifuge tubes. The beads were washed twice more in dilution buffer (500 mM NaCl) and

then an additional 2 times in dilution buffer (no NaCl).

The samples were eluted in 60 pL of ABE dilution buffer containing additional reagents (0.2%
SDS, 250 mM NaCl, 1% Pme) at 37°C for 10 minutes with flick-mixing. Both the eluted samples and
input were denatured in SLB (1x final concentration) with 20 mM B-me and boiled at 95°C for 5

minutes before electrophoresis.

2.5 SDS-PAGE and western blotting

2.5.1 Electrophoresis and transfer

Denatured proteins were separated on 10-12% tris-glycine or bis-tris acrylamide gels through
electrophoresis. Samples were loaded into the wells along with 3-5 uL Precision Plus Protein
Standards (BioRad). Tris-glycine gels were run in 1X Tris-glycine-SDS running buffer (BioRad),
whereas bis-tris gels were run in 1X MOPS (3-(N-morpholino) propanesulfonic acid) buffer

(BioRad). The gels were run at between 120-160V.
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For western blotting, nitrocellulose or methanol-activated PVDF membranes were equilibrated in
1X transfer buffer (BioRad). Following electrophoresis, the proteins were transferred onto the
membranes for 25 minutes with limit 25 V, constant 1.0 A using the semi-dry Transblot Turbo
apparatus (BioRad). To reduce background, the membranes were blocked in 5% skim milk blocking
buffer in PBS-T (1X PBS, 0.1% Tween 20) rocking for 1 hour at room temperature, or overnight at

4°C.

As an extra control to confirm the presence of thioester bonds in palmitoylated proteins, the
membranes can undergo an alkali treatment to hydrolyze the thioester or ester bonds. In this case,
samples were loaded into 2 duplicate protein gels for separation and transferred onto separate PVDF
membranes. Following electrophoresis and a few rinses of both membranes with ddH,O, the
membranes were treated before the addition of blocking buffer. One membrane was treated with 5
mL 0.1M KOH in 90% methanol, while the second duplicate was treated with 5 mL of 0.1M Tris (pH
7.0) in 90% methanol as a control. The membranes were treated for 1 hour rocking gently at room
temperature, followed by 6 washes in PBS-T. The membranes were then blocked in 5% skim milk

blocking buffer.

2.5.2 Probing with antibodies

Primary antibodies were diluted in 5% skim milk blocking buffer and added to membranes, and
incubated rocking at 4°C overnight. The membranes were then washed 4 times in PBS-T (5 mins
each). Secondary antibodies, including those specific for housekeeping proteins as loading control,
were diluted in 5% bovine serum albumin (BSA) in PBS-T with 0.01% SDS and added to each
membrane for 1 hour, rocking gently at room temperature protected from light. Following 4 washes in

PBS-T (5 mins each), the membranes were visualized with the ChemiDoc imager (BioRad).
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Table 2.5 List of primary antibodies

Name/antigen Host Method Dilution | Source
Species | (v ostern/IP)
a-GFP Goat 1P 1:5000 | Biolegend
o-GFP Rabbit western 1:5000 | Biolegend
a-HA Rat 1P 1:1000 | Biolegend
a-HA Mouse western 1:1000 | Biolegend
a-LC31/1T Rabbit western 1:1000 Cell
Signaling
a-mCherry Mouse | IP/western | 1:5000/ | Biolegend
1:2500
a-mCherry Rabbit | IP/western | 1:1000/ Cell
1:1000 Signaling
a-p62 Rabbit western 1:1000 Cell
signaling
Table 2.6 List of secondary antibodies
Name Excitation/ | Raised | Against | Dilution Source
Emission m
Alexa Fluor 488 488/519 Donkey | Rabbit 1:2500 Life
/goat Technologies
Alexa Fluor 555 555/567 Donkey | Mouse 1:5000 Invitrogen
Anti-tubulin hFAB 530/580 N/A Tubulin | 1:5000 BioRad
rhodamine
Anti-GAPDH hFAB 530/580 N/A | GAPDH | 1:5000 BioRad
rhodamine
Alexa Fluor 680/706 N/A Biotin 1:5000 Invitrogen
Streptavidin 680
Conjugate
StarBright Blue 520 440/520 Goat Rabbit 1:2500 BioRad
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Chapter 3

Optimization of Click Chemistry Detection

Metabolic labeling in combination with click chemistry detection is a rapid and sensitive method to
detect protein palmitoylation, in comparison to alternative exchange-based methods. Therefore, large-
scale identification of palmitoylated and myristoylated proteins are possible through mass
spectrometry, as well as further downstream applications with additional techniques such as pulse-
chase analysis of dynamic palmitoylation and affinity-based enrichment (Gao & Hannoush, 2017; B.
R. Martin et al., 2012; B. R. Martin & Cravatt, 2009). Compatible with a variety of cell types and
even live animal models (Hong et al., 2010; Yap et al., 2010), click chemistry is a versatile and
powerful tool for the study of protein palmitoylation. However, click chemistry is not without
limitations. The assay itself is fastidious and can involve a considerable amount of troubleshooting. In
addition, traditional routes of fatty acid analog delivery into cells may be problematic. Most protocols
for metabolic labeling involve adding fatty acids directly to cell culture media, which poses several
issues (Blanc et al., 2015). Firstly, fatty acids, especially those with longer hydrocarbon chains, are
very insoluble (Blanc et al., 2015), which directly impacts their incorporation from cell culture media.
In addition, direct addition of fatty acids to cell culture can lead to lipotoxicity, therefore affecting the
viability of the cells and interfering with experimental results by activating unwanted pathways
including ER stress and ceramide-mediated apoptosis (Alsabeeh et al., 2018; Z. Li et al., 2008;
Listenberger et al., 2001; Yin et al., 2015). Therefore, these existing issues in addition to continuing

development of new tools and reagents provide opportunities to optimize click chemistry detection.

The aim of the following set of experiments is to optimize click chemistry detection by improving

fatty acid delivery during metabolic labeling, as well as testing several click chemistry reagents
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including biotin-based and fluorescent azido probes to lay the groundwork for the isolation and

purification of palmitoylated proteins during autophagy.

3.1 Testing and optimization of click chemistry reagents and detection

Since the development of click chemistry detection of fatty acylation, an increasing number of new
reagents have become commercially available, with varying degrees of efficacy. Therefore, we sought
to test several click chemistry tools from different suppliers and examined the stability of biotin azide

in particular by comparing new and old stock solutions stored at -20°C.

Tris-(benzyltriazolylmethyl) amine (TBTA) provides the ligand for the click chemistry reaction
and is therefore an important reagent (Yang et al., 2014). We compared two structurally identical
products from Cayman Chemical and Click Chemistry Tools (CCT) solubilized in DMSO with
different storage conditions, which could affect stability. Total myristoylation was detected by
detecting biotin conjugated to myristoylated proteins through the click chemistry reaction between the
alkyne and azido groups. Overall, both TBTAs yielded comparable myristoylation signals, suggesting

equivalent ligation efficiency (Figure 3.1).

In addition, biotin-based azido probes were solubilized in DMSO and compared. To test for
stability of the reagent and whether binding efficiency decreases over time in storage, freshly made 2
mM biotin azide stock solutions and older stock solutions that were stored at -20°C were compared,
as well as Dde biotin azide plus. Azide plus products from Click Chemistry Tools possess a complete
copper-chelating system included in its structure, capable of rapidly forming copper complexes that
aim to drastically increase the reaction kinetics by increasing copper concentration (proprietary
product from Click Chemistry Tools) as well as stabilize the copper oxidation state to reduce toxicity
to enable live cell labeling conditions (Hong et al., 2010). Therefore, Dde biotin azide plus is

expected to yield increased overall signal from the click chemistry reaction. In addition, Dde contains
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a spacer arm that is hydrazine cleavable, which presents an option in the future for downstream

enrichment processes.

To compare the click chemistry reagents, HEK293T cells were labeled with alkynyl myristate or
myristate (no alkyne) as a control. One fatty acid is sufficient for the purpose of comparing reagents
for click chemistry, therefore myristate was used since it is the most soluble fatty acid in comparison
to palmitate or stearate, and consequently improves the efficiency of the experiment. The preliminary
results suggested a slight increase in total myristoylation signal with Dde biotin azide plus, in

comparison to both biotin azide stock solutions (Figure 3.1A).

26



TBTA TBTA TBTA TBTA
(CCT) (Cayman) (CCT) (Cayman)
NewBZ + - - + - - S NewBZ + - - + - - =
odBZz - + - - + - £ OodBzZ - + - - + - =
DdeBz - - + - - + g DdeBzZ - - + - - + 8
kDa kDa
150— 150 —

100— 100—

75— 75— [ I
>

50— 50— 29

o ] l

25— 25— .

20— 20— H

Fresh After storage at -20°C

Figure 3.1 Comparison of total myristoylation signal using biotin azide and Dde biotin azide
plus over storage time of click samples.

HEK293T cells were labeled with alkynyl myristate or unlabeled myristate (control) and the protein
lysates subjected to click chemistry with different reagents, including two TBTAs from Click
Chemistry Tools (CCT) and Cayman Chemicals. Biotin azide stock solutions stored for 2 months at -
20°C, freshly made biotin azide, and Dde biotin azide plus were compared. The control samples were
subjected to the same detection conditions on the same blot. Half of the clicked samples was
subjected to immediate SDS-PAGE separation (A), while the other half was stored at -20°C for 3
days prior to SDS-PAGE separation (B). Total myristoylation was detected using Alexa Fluor
Streptavidin 680 Conjugate (Invitrogen). Tubulin was used as a loading control; anti-tubulin
rhodamine (1:5000). The blots were scanned separately, and the figure represents composite images
of the same blot.

Next, to test the stability of protein lysates that underwent the click chemistry reaction (hereafter
referred to as “clicked”), half of the same samples were stored at -20°C following denaturation with
sample loading buffer and detected by western blot 3 days later. Biotin azide samples appear to have
lost some myristoylation signal after freezing (Figure 3.1A and B). However, Dde biotin azide plus
clicked samples showed no decrease in myristoylation when comparing frozen to fresh samples
(Figure 3.1 compare Dde BZ panels between A and B), and the myristoylation signal was also

noticeably stronger than the biotin azides. The preliminary data suggested that Dde biotin azide plus

may provide a more stable biotin signal in comparison to biotin azide if samples need to be stored and
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cannot be processed immediately. Unlabeled myristate (no alkyne group) was included as a control in
click chemistry. Although minimal, there was some background detected of endogenously

biotinylated proteins that were not as a result of the click chemistry reaction.

3.1.1 Fluorescent azido probes

To explore an additional method to detect proteins and avoid the detection of background biotinylated
proteins, we sought to acquire alternative detection methods using fluorescently-tagged azido probes,
which allow in-gel imaging without the transfer of proteins onto a membrane. For this, we utilized the
AFDye 647 azide plus from Click Chemistry Tools, which is structurally similar and almost
spectrally identical to the commonly used Alexa 647 (proprietary product of Click Chemistry Tools).
In addition, this fluorescent azide is also an “azide plus” reagent which structurally includes the
copper-chelating system mentioned earlier. Previously, clicked palmitoylated or myristoylated
proteins were conjugated to biotin through the click chemistry reaction, and detection was achieved
indirectly by detecting biotin with fluorescent streptavidin. With the AFDye 647 azide plus, we were
able to bypass biotin and directly detect the fluorescent azide linked to fatty acid-modified proteins
through the click chemistry reaction. This approach excludes endogenously biotinylated proteins in

the background and improve signal-to-noise ratio.

Alkynyl palmitate was used to label HEK293T cells with unlabeled palmitate (no alkyne group) as
a negative control for click chemistry. With the exception of the azido probes, the remaining click
chemistry reagents were consistent between the samples. The preliminary results showed that
fluorescent azides provide a clean visualization of alkyne labeled fatty acids with click chemistry,
with no background detection of biotinylated proteins when using unlabeled fatty acids (no alkyne),

which was present when biotin-based probes were used (Figure 3.1 controls). Visualization was
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optimized when scanned in-gel. The fluorescent azide effectively improved signal-to-noise ratio and

eliminated detection of any biotinylated proteins that did not result from click chemistry linkage.

A
S N
¢ <
R .
8§ 5
< Q

Pal inhib - -+ - - -

Saponified - -+ + - + - 4+
Alkpal - + + + + + + +
kDa

150
100 —
75—

50

37

25

Tubulin 50

In-gel

Figure 3.2 Comparison of total palmitoylation signal using biotin azide, Dde biotin azide plus,
and fluorescent AFDye 647 azide plus in clicked protein samples.

Total protein lysates were clicked with either 2 mM AFDye 647 fluorescent azide plus, biotin azide,
or Dde biotin azide plus (solubilized in DMSO). Top blot represents overall palmitoylation detected
using Alexa Fluor Streptavidin 680 Conjugate (Invitrogen) on PVDF membrane and scanned at Alexa
680 detection for the biotin signal. Bottom represents the in-gel image scanned at Alexa 647 before
transfer onto PVDF membrane for direct detection of the fluorescent palmitoylation signal. 100 uM
of 2-bromopalmitate was used as a general palmitoylation inhibitor. Tubulin was used as a loading
control; anti-tubulin rhodamine (1:5000).
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In addition to azido probes, alkynyl palmitate (alk-pal) was either added directly to media or
saponified and incubated in fatty acid-free BSA, as described in Chapter 2. The preliminary results
showed a stronger palmitoylation signal as well as the detection of additional bands when alk-pal was
saponified across all azido probes (Figure 3.2). However, 2BP did not seem to have any inhibitory
effect on the saponified alkyne palmitate-labeled samples. The effect of saponification in improving

palmitoylation detection is discussed in detail in Section 3.2.

The fluorescent azide provided clean images and reduced background of endogenously biotinylated
proteins. However, proteins clicked with AFDye 647 azide plus did not transfer as well as samples
clicked with biotin-based azido probes. In addition, this approach required alternative means to
confirm equal loading across lanes. Another drawback of fluorescence-based detection is the inability
to perform an in-gel alkali treatment to confirm the presence of thioester bonds, and verifying protein
palmitoylation as opposed to other forms of lipidation such as N-myristoylation. This approach was
shown to be sensitive and convenient for in-gel visualization and quantification, as well as western

blotting if the transfer of proteins clicked with fluorescent azides onto membranes were improved.

3.1.2 Additional steps for click chemistry detection

To bypass the necessity of transferring proteins to membranes to perform the necessary controls, we

explored alternative means to quantify loading controls and perform alkali treatments.

Coomassie blue staining of protein gels were performed and was shown to be a good alternative to
ensure equal loading by quantifying total protein signal per lane, as opposed to probing for a

housekeeping protein once transferred to a membrane (data not shown).

Alkali treatment to hydrolyze thioester bonds, thereby providing further validation of S-acylation,
is often necessary. This additional step differentiates myristoylated and palmitoylated proteins. The

most common method involves treating proteins transferred to PVDF membranes with 0.1M KOH in
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90% methanol for 1 hour, which is sufficient to hydrolyze thioester bonds and consequently remove
the palmitoylation signal, whereas the myristoylation signals remain due to the alkali-resistant amide
bond. However, this is not suitable for the treatment of gels. Another possible method is to treat with
hydroxylamine (HAM) in-gel, which cleaves thioester bonds and de-acylates proteins (Drisdel et al.,
2006). This treatment was previously shown to remove S-acylation signals (Kostiuk et al., 2008).
However, the attempt to replicate the protocol was not successful as in-gel HAM treatment failed to
remove any S-acylation signal from samples clicked with fluorescent azides (data not shown).
Therefore, the Tris/KOH treatment on PVDF membranes remains the only functional method to

hydrolyze thioester bonds and confirm S-acylation.

3.1.3 Types of gels for separation

Once we achieved clean and robust palmitoylation signals using fluorescent azides, we aimed to
optimize downstream detection following the click reaction, especially because alternative methods
for in-gel alkali treatments were unsuccessful. First, in an attempt to improve protein transfer for
western blotting, we tried bis-tris gels as opposed to tris-glycine protein gels. Tris-glycine gels did not
transfer well and showed a considerable loss of protein (Figure 3.2 top) despite lowering the
concentration of polyacrylamide from 12% to 10% (data not shown). 10% bis-tris gels showed better
protein separation with more distinct bands, although the gel images were not quantifiable due to
consistent saturation in the control lanes of non-alkynyl fatty acids (data not shown). However, bis-
tris gels transferred more efficiently under the same settings, and therefore was established as the

standard gel to separate clicked protein samples.

3.2 Optimization of fatty acid delivery during metabolic labeling

Our most important optimization for click chemistry detection of S-acylated proteins, as well as N-

myristoylated proteins, was achieved by establishing a protocol for improved metabolic labeling
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using delipidated media and saponified fatty acids incubated in fatty acid-free bovine serum albumin
(FAFBSA), which was recently published in the Journal of Visual Experiments (Liao et al., 2021).
Current general protocols in the field involve direct addition of fatty acid analogs to cell culture
media, which can limit cellular uptake of the label due to insolubility, leading to significant
impediments to the sensitivity of downstream click chemistry detection. In addition, direct addition of
free fatty acids into cells can activate unwanted stress pathways (Listenberger et al., 2001; Yin et al.,

2015).

3.2.1 Types of media for labeling

Most metabolic labeling studies of fatty acylated proteins to date involve direct addition of fatty acids
to regular cell culture media, which already contains fatty acids. This may lead to competition
between alkynyl fatty acid analogs and endogenous fatty acids for proteins to utilize for lipidation
modifications such as S-acylation or N-myristoylation, and therefore reduce cellular incorporation
and the fatty acylation signal. The purpose of using delipidated media is to provide cells with only
alkynyl fatty acid analogs for lipidation, thereby increasing incorporation of the analogs. This was
achieved by supplementing Dulbecco’s Modified Eagle Medium (DMEM) with dextran charcoal-
coated fetal bovine serum (FBS) (referred to hereafter as delipidated media), which strips off non-
polar materials such as fatty acids that are present in regular FBS. Therefore, delipidated media

encourages cells to use alkynyl fatty acids instead of endogenous fatty acids.

I tested the effect of using delipidated media versus regular media. HEK293T cell culture media
was replaced with either fresh regular DMEM or delipidated DMEM prior to the addition of alkynyl
stearate. Either non-saponified or KOH saponified alkynyl-stearate in FAFBSA was added to cells
and click chemistry was performed on total protein lysates with AFDye 647 azide plus. The

preliminary results showed that with the addition of non-saponified alkynyl stearate, delipidated
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media with DCC-FBS exhibited an increase in protein S-acylation signal, relative to the non-
saponified label in regular media (Figure 3.3). However, when the fatty acid was saponified and
incubated in FAFBSA, there was no difference in S-acylation signal between delipidated and regular
media (Figure 3.3), suggesting that depriving cells of endogenous fatty acids was more effective at
improving S-acylation signal when the label was added directly to the media in which it dissolves

poorly.
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Figure 3.3 Comparison of S-acylation detection in regular versus delipidated media using
saponified or non-saponified alkynyl-stearate.

HEK293T cells were labeled with non-saponified (NS) or saponified alkynyl-stearate in FAFBSA in
either regular (5% FBS) or delipidated media (5% DCC-FBS). Total protein lysates were clicked with
AFDye 647 azide plus and visualized directly on tris-glycine protein gel. Tubulin was used as a
loading control after transfer to PVDF membrane; anti-tubulin rhodamine (1:5000).

Next, we examined the difference between the traditional labeling technique of direct addition of
fatty acid to regular media, and the addition of saponified fatty acids in FAFBSA to delipidated

media.
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3.2.2 Saponification of fatty acids

Long chain fatty acids are generally insoluble, which is exacerbated with increasing number of
carbons in the hydrocarbon chain. By saponifying fatty acids with a molar excess of potassium
hydroxide (KOH), the fatty acid salt becomes less toxic. In addition, incubation in bovine serum
albumin (BSA), a carrier protein, will further improve incorporation into the cell. The effect of
saponification was first explored by Yap and colleagues, however, the authors stated that
saponification of the fatty acids yielded comparable results to non-saponified fatty acids (Yap et al.,
2010). Our findings were contradictory. Therefore, we aimed to demonstrate the effect of
saponification on the delivery of fatty acid analogs, as well as establish saponification methods in the
Martin lab. To avoid interfering with fatty acid incorporation, fatty acid-free BSA (FAFBSA) was
used. Three alkynyl fatty acids (alkynyl myristate (13-TDYA), alkynyl palmitate (15-HDY A), and
alkynyl stearate (17-ODYA)) were saponified with a 20% molar excess of KOH and incubated in
FAFBSA. These modifications were predicted to have the greatest effect on stearate, which has the
longest hydrocarbon chain out of the three and is therefore the most insoluble. Conversely,
saponification was not predicted to have a significant effect on myristate, which is more soluble due
its shorter chain length. Unexpectedly, saponifying alkynyl myristate led to a significant decrease in
the total myristoylation signal when compared to the non-saponified samples (Figure 3.4 left). On the
other hand, saponification noticeably increased fatty acylation signal of alkynyl palmitate, but yielded
the most significant increase in alkynyl stearate (Figure 3.4 middle and right). This suggested an
overall increase in cellular uptake of the alkynyl fatty acids that are used for palmitoylation during
metabolic labeling. Although the increase in saponified alkyne palmitate was insignificant when
compared to non-saponified, a change in the banding pattern was observed in which some bands in
particular showed a much more robust increase in acylation signal in the saponified treatment (Figure
3.4 middle). In addition, alkynyl myristate was resistant to KOH treatment, as expected, since
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myristate undergoes N-myristoylation through an alkali-resistant amide bond, as opposed to palmitate
and stearate, both of which undergo S-palmitoylation through a thioester bond that is alkali-sensitive.
Consistent with palmitoylation, treatment with KOH largely removed the fatty acids from proteins
modified with both alkynyl palmitate and alkynyl stearate, confirming that the majority of the signal

was through a thioester or ester bond (Figure 3.4 compare top and bottom panels).

Similarly, we investigated whether saponification has a similar effect on 2-bromopalmitate (2BP),
the general S-acylation inhibitor, since it is also a fatty acid analog. We found that saponifying 2BP in
samples labeled with saponified alkynyl palmitate or stearate, did not affect acylation levels when
compared to samples treated with non-saponified 2BP in total protein lysates subjected to click

chemistry (data not shown).
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Figure 3.4 Saponification of alkynyl fatty acids yields changes in the overall fatty acylation
signal in HEK293T cells using click chemistry.

A) HEK293T cells were labeled with the indicated fatty acids either directly into cell culture, or
following saponification. Alkynyl fatty acid-modified proteins were linked to AFDye 647 azide plus,
and separated via SDS-PAGE in duplicate before transfer to PVDF. After treatment with either 0.1M
Tris pH 7.0 (top) or 0.1M KOH (bottom) to hydrolyze thioester bonds, fatty acylation was detected at
647nm excitation. Unlabeled (no alkyne group) fatty acids were used as negative controls for click
chemistry. GAPDH was used for loading control (anti-GAPDH rhodamine. 1:5000). B) Total
acylation signal of non-saponified samples vs. saponified samples, normalized to GAPDH, were
shown as the mean + SEM (paired T-test, * indicates p < 0.05, n=3). Figure is representative of
results using two different detection methods involving both biotin and fluorescent azides. Modified
from Liao et al., 2021.

3.2.3 Optimized fatty acid delivery in HT22 cells

To demonstrate the versatility of metabolic labeling, as well as a global increase in fatty acylation
signal with delipidated media and saponified fatty acids in FAFBSA, the same saponification
experiment was performed in HT22 cells. In addition, the mouse HT22 cells are hippocampal-
derived. Since we are particularly interested in palmitoylation during autophagy in the brain, the
HT22 cells would provide a more relevant picture. The cells were labeled in the same manner as
mentioned above. Similar to the HEK293T cells, the preliminary results showed that our labeling
approach noticeably increased palmitoylation signal in cells labeled with alkynyl stearate (Figure 3.5
right). There was no effect of saponification and delipidated media in alkynyl myristate (Figure 3.5
left), consistent with data from HEK293T cells shown in Figure 3.4. Although no noticeable change
was observed in the alkynyl palmitate samples (Figure 3.5 middle), we also observed different
banding patterns in the saponified samples in that some bands became robustly acylated in
comparison to the rest of the lane, consistent with HEK293T cells (Figure 3.4 and 3.5 middle panels).
Quantification of fatty acylation signals showed the same trend as in HEK293T cells represented in
Figure 3.4. Comparable to HEK293T cells, 13-TDYA labeled proteins were KOH-resistant, while

both 15-HDYA and 17-ODY A showed susceptibility to KOH with a significant loss of fatty acylation
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signal. Although DDD85646 showed noticeable inhibition of N-myristoylation with 13-TDYA
(Figure 3.5 left), 2BP did not affect the detection of acylated proteins with 15-HDYA nor 17-ODYA,
which have mostly undergone S-acylation, confirmed by loss of signal following alkali treatment
(Figure 3.5 middle and right). Only proteins labeled with non-saponified 15-HDY A seemed to show a
mild decrease in acylation signal when 2BP was present, but not proteins labeled with 17-ODYA.
Similar inhibitory effects were observed in HEK293T cells as well (Figure 3.2). Therefore, 2BP may

not be an ideal palmitoylation inhibitor.
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Figure 3.5 Saponification of alkynyl fatty acids yields changes in the overall fatty acylation
signal in mouse HT22 cells using click chemistry.

HT22 cells were labeled with the indicated fatty acids added either directly into cell culture media, or
following saponification. Where indicated, 100 uM 2BP or 1 uM DDD85646 was added to inhibit
palmitoylation (palm inhib) or myristoylation (myr inhib), respectively . Alkynyl fatty acid-modified
proteins were linked to AFDye 647 azide plus, and separated via SDS-PAGE in duplicate before
transfer to PVDF. After treatment with either 0.1 M Tris pH 7.0 or 0.1M KOH to hydrolyze thioester
bonds, fatty acylation was detected at 647nm excitation. Unlabeled (without alkyne group) fatty acid
were used as a negative control for click chemistry. GAPDH was used for loading control (anti-
GAPDH rhodamine; 1:5000).

The preliminary HT22 results show that our optimized approach for metabolic labeling using
delipidated media, as well as saponified fatty acids incubated with FAFBSA, can improve fatty
acylation, particularly S-acylation signal using stearate, and amplify detection of S-acylated proteins

in a variety of cell lines.
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3.3 Summary and discussion of results

In these experiments, we have tested biotin as well as fluorescent azido probes. Fluorescent azides are
easy to visualize through direct in-gel imaging, eliminating the transfer to membranes and any
resulting loss of protein for western blotting if only interested in total or overall protein
palmitoylation/myristoylation in the cells during the labeling period. However, fluorescent azides can
only be used for visualization, and cannot be used for further downstream applications such as
affinity purification. On the other hand, biotin-based azido probes are also sensitive and can enable
further enrichment using avidin. Variations of biotin azides, such as the Dde biotin azide plus with a
hydrazine-cleavable linker provides additional options for eluting proteins and may also increase
stability of the palmitoylation/myristoylation signal, as the data suggests (Figure 3.1). On initial
examination, the copper-chelating system present in azide plus does not seem to increase detection of
fatty acylation, but may increase the stability of the click chemistry linkage. The copper-chelating
component increases the rate of the click chemistry reaction and enables almost immediate linkage
between the alkyne and the azide plus reagent; however, this does not necessarily increase the overall
amount of click chemistry linkage. The concentrations used, along with the determined reaction time

of 30 minutes, may already saturate the alkyne-azide linkages.

Our optimized labeling approach with saponified fatty acids and delipidated media has been shown
to increase the detection of S-acylated proteins, which was most pronounced in fatty acids with more
carbons, such as stearate, by improving their solubility. The data suggests that using delipidated
media may further improve the incorporation of fatty acid analogs into cells. In addition, saponified
fatty acids are likely to protect cells from lipotoxicity. By avoiding activation of unwanted pathways
when adding fatty acids directly to cells, saponification may provide a different profile of S-acylated
proteins, and thus be a more accurate representation of physiological cellular processes. This was

observed in the alkyne-palmitate labeled proteins (Figure 3.4 and 3.5) with several bands showing
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noticeably increased acylation signal in the saponified samples in delipidated media (Figure 3.4 and
3.5 middle panels). In such cases, even in the absence of a significant increase in overall acylation
signal, which was also the case in alkyne myristate labeled cells, it is still beneficial to saponify fatty
acids to protect cells from toxicity and maintain consistency when comparing the fatty acids analogs.
On the other hand, 2BP did not inhibit palmitoylation whether it was added directly to cell culture or
saponified. Interestingly, 2BP has been found to effect deacylation as well, therefore it may be
difficult to distinguish whether 2BP is inhibiting acylation or increasing deacylation, resulting in no
change in the total palmitoylation signal (Pedro et al., 2013). Future studies investigating

saponification of 2BP would require a titration to determine the optimal concentration.

The majority of palmitoyl-proteome studies using metabolic labeling and click chemistry to date
involved the use of 17-ODYA due to its commercial availability and relative low cost; 17-ODYA is
also added directly to cells in regular media in these studies (Blanc et al., 2015). We have shown that
17-ODY A exhibited the most pronounced increase in fatty acylation signal detected by click
chemistry when the fatty acids were saponified, incubated in FAFBSA, and added to delipidated
media. Therefore, it is reasonable to speculate that some S-acylated proteins, especially low-
abundance proteins, may have been missed due to decreased cellular availability of the alkynyl fatty
acid label. In addition, there may be a change in the profile of protein S-acylation when fatty acids are
added directly to media, which leads to toxicity and activation of cell death pathways (Listenberger et
al., 2001; Wu et al., 2013; Yin et al., 2015). In addition, we demonstrated that protein acyltransferases
have different preferences for palmitate and fatty acids with other hydrocarbon lengths, such as
stearate (Jiang et al., 2018). This may introduce a bias in S-acylation detection favouring PATs that

prefer stearate when labeled with 17-ODY A, undermining those that prefer palmitate.

41



Lastly, metabolic labeling with delipidated media and saponified fatty acids in FAFBSA was
shown to improve the S-acylation signal in two different cell types, human HEK293T and mouse

HT22 cells, suggesting that this improvement is likely applicable to a wide range of cells.
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Chapter 4
Click Chemistry-Enabled Enrichment and Induction of Autophagy

The aim of this thesis project was to identify palmitoylated proteins during autophagy. Therefore, the
enrichment of proteins following click chemistry linkage to an affinity probe would be critical in the
study of fatty acylated proteins during autophagy. After optimization of fatty acid label delivery and
click chemistry reagents, the next step was to optimize pulldown conditions for the enrichment of
palmitoylated proteins. In addition, the conditions for autophagy induction also needed to be
optimized in order to combine these techniques to induce autophagy simultaneously during metabolic
labeling using detectable alkynyl fatty acid analogs. This will allow click chemistry-mediated linkage
of an affinity probe for subsequent enrichment in order to facilitate the study of S-acylated proteins

during autophagy and identify substrates with mass spectrometry.

The aim of the following set of experiments was to optimize the specific enrichment of S-acylated
proteins following linkage of biotin through the click chemistry reaction between the azido and
alkyne groups. In addition, chemical induction of autophagy during metabolic labeling was examined

to enable click chemistry-based enrichment of S-acylated proteins during autophagy.

4.1 Biotin-based enrichment

Previously, click chemistry was used in the Martin lab for the detection of fatty acylated proteins
only, where fluorescent azido probes were shown to be efficient and easy to visualize. For the
purpose of affinity-based enrichment, however, biotin-based azido probes were necessary. To enable
downstream purification, 5 to 10 times the typical amount of protein as previous detection
experiments were reacted with corresponding volumes of click chemistry reagents according to the
ratios stated in Chapter 2. This provided sufficient protein for affinity purification with avidin beads.

The click chemistry reaction was stopped by precipitating the proteins with ice-cold acetone, instead
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of denaturation in sample loading buffer. Two different methods of affinity enrichment were tested

using either agarose neutravidin beads, or magnetic streptavidin beads.

In the first pulldown experiment, magnetic streptavidin beads were used following resuspension of
the precipitated proteins in 0.1% SDS modified RIPA lysis buffer. Fatty acylated proteins were then
released from the beads in 2X sample loading buffer with 4% B-mercaptoethanol by heating the
samples at 95°C for 5 minutes, and then detected by western blotting. Preliminary results showed this
method to be efficient in enriching S-acylated proteins labeled with alkynyl palmitate (Alk-pal) as
well as N-myristoylated proteins labeled with alkynyl myristate (Figure 4.1 left). Importantly,
proteins modified with unlabeled palmitate (without an alkyne group) showed minimal fatty acylation
signal, suggesting that only a very small amount of background proteins not modified by the click
chemistry-linked biotin were pulled down by the streptavidin beads (Figure 4.1 left). In addition, the
signal in the palmitate labeled lanes also represent endogenously biotinylated proteins. However, the
negligible amount of proteins in the palmitate labeled samples in comparison to the highly enriched
fatty-acylated proteins in the alkyne labeled samples demonstrate the specificity of streptavidin
pulldown following click chemistry. Since thioester bonds may sometimes be sensitive to -
mercaptoethanol (X. Wang et al., 2012), alkynyl myristate-modified proteins served as a control due
to the resistance of amide bonds to reducing agents. However, there was no noticeable difference in
fatty acylation signals between alkynyl myristate and alkynyl palmitate-modified proteins, suggesting
that the usage of B-mercaptoethanol to release proteins from the streptavidin beads did not remove

alkynyl palmitate from the eluted proteins (Figure 4.1).

44



Alk-pal + - - + - -
Alk-myr -+ - -+ =
Pal - - + - - +

kDa '

250 —
Pulldown Input

150 —
100 —
75—
50 —

37—

25—

-

el

EEE

Figure 4.1 Total fatty acylation of streptavidin enriched S-acylated and N-myristoylated
proteins following click chemistry.

HEK293T cells were labeled with the indicated fatty acids. 350 pg of protein were subjected to click
chemistry linkage of Dde biotin azide plus to alkynyl fatty acid-modified proteins. Following acetone
precipitation, fatty acylated proteins were pulled down with 30 uL of High Capacity Streptavidin
Magnetic beads (Click Chemistry Tools) and released in 2X sample loading buffer (4% B-
mercaptoethanol). Fatty acylation was detected with Alexa Fluor Streptavidin 680 Conjugate
(Invitrogen). GAPDH was used as a loading control; anti-GAPDH rhodamine (1:5000).

The next experiment utilized a different approach to release biotinylated proteins from avidin
beads, which was adapted from the acyl-biotin exchange (ABE) assay. The acyl-biotin exchange
requires a similar enrichment step after endogenous palmitate is replaced with biotin. Therefore, we
sought to compare the two different pulldown methods. Cells were transfected with the auto-
palmitoylated protein acyltransferase ZDHHC17 as a positive control (Jiang et al., 2018). The general
palmitoylation inhibitor 2BP was also included and was expected to reduce the amount of alkynyl-
palmitate-modified proteins that were pulled down. Following resuspension of acetone-precipitated

proteins and pulldown with neutravidin beads, the proteins were washed with ABE dilution buffer

with varying concentrations of NaCl. Release of proteins was facilitated via incubation for 10 minutes
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at 37°C in dilution buffer containing 250 mM NaCl, 0.2% SDS and 1% p-mercaptoethanol. The
proteins were then denatured in sample loading buffer for SDS-PAGE and western blotting detection.
Preliminary results showed this method to be unsuccessful in enriching alkynyl fatty acid-modified
proteins that were linked to biotin via click chemistry. The complete lack of signal in the pulldown
for fatty acylation or zZDHHC17 suggested that the pulldown samples contained no protein (Figure 4.2
left). Therefore, this method was unsuitable for use in the enrichment of palmitoylated proteins during

autophagy.
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Figure 4.2 Total fatty acylation of neutravidin enriched S-acylated and N-myristoylated
proteins following click chemistry.

HEK293T cells were transfected with zZDHHC17-HA and labeled with the indicated fatty acids. 500
ug of protein were subjected to click chemistry linkage of Dde biotin azide plus to alkynyl fatty acid-
modified proteins. Following acetone precipitation and resuspension in ABE lysis buffer, fatty
acylated proteins were purified with 30 uL of High Capacity Neutravidin agarose beads (Thermo
Scientific) and released following acyl-biotin exchange pulldown and elution protocol. Fatty
acylation was detected with Alexa Fluor Streptavidin 680 Conjugate (Invitrogen). GAPDH was used
as a loading control; anti-GAPDH rhodamine (1:5000).

4.2 Autophagy induction

After a viable method of biotin-based enrichment following click chemistry was established, we
sought to incorporate chemical induction of autophagy into metabolic labeling with alkynyl fatty acid
analogs. HeLa cells were used for autophagy experiments due to their well-characterized autophagic

response (Mufioz-Braceras & Escalante, 2016; Taji et al., 2017). Rapamycin, a well-characterized
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inducer of autophagy, acts directly on mTOR to initiate autophagy and is therefore used for chemical
induction (Klionsky et al., 2021). Cells were treated for varying times ranging from 0 to 6 hours after
labeling for 30 minutes with alkynyl palmitate or palmitate to determine the optimal length of the
treatment period. Bafilomycin A1 was used to block fusion of the autophagosome to the lysosome to
prevent the degradation of any palmitoylated proteins directed to the lysosome and to allow detection
of p62 by preventing its degradation (Mauvezin & Neufeld, 2015). Preliminary results showed that
treatment with rapamycin for 4 hours resulted in the most autophagic response with increased
degradation of p62, as well as a noticeable increase in the conversion of LC3-1 to LC3-II (Figure 4.3).
Interestingly, while treatment for 2 hours yielded a considerably increased signal in total protein
palmitoylation, it did not correspond with the same level of increase in autophagic flux measured by
p62 degradation and LC3-I/II conversion as treatment for 4 hours or 6 hours, yet the amount of
protein palmitoylation remained comparable between the three time points. This suggests that an
upregulation of palmitoylation may need to occur upstream or within the early stages of autophagy,
and that cells may need to maintain this increased level of palmitoylation to carry out autophagy in

full.
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Figure 4.3 Total protein palmitoylation detection during rapamycin-induced autophagy.

HeLa cells were labeled with palmitic acid (Pal) and alkynyl palmitic acid (Alk-pal) for 30 minutes
prior to the addition of 200 nM rapamycin or vehicle, with or without 100 nM bafilomycin Al at the
indicated times. Total protein lysates were subjected to click chemistry and alkynyl palmitate-
modified proteins were detected using AFDye 647 azide plus (top panel). p62 (1:1000), and LC3I/11
(1:1000) were probed separately. GAPDH was used as a loading control; anti-GAPDH rhodamine
(1:5000).

From the rapamycin-induced autophagy experiments, we have determined that a treatment
time of 4 hours yielded the most robust upregulation of autophagic flux. In combination with
streptavidin pulldown following click chemistry linkage of biotin, and subsequent release in sample
loading buffer with 4% B-mercaptoethanol, we can obtain highly enriched samples of proteins that

undergo increased palmitoylation during autophagy for mass spectrometric identification.



4.3 Summary of results and discussion

I tested affinity purification of fatty acylated proteins linked to biotin through click chemistry.
Pulldown using high capacity streptavidin beads were successful in enriching samples in fatty
acylated proteins, with minimal detection of background biotinylated proteins. A second attempt
using the ABE pulldown was unsuccessful and failed to obtain any protein in the pulldown. High
capacity (HC) neutravidin and HC streptavidin beads have varying binding capacities. Magnetic
beads are also more practical in comparison with agarose and better prevents the loss of beads during
washes. Such considerations should be taken into account when selecting avidin beads for the

pulldown of biotin-linked fatty acylated proteins.

It is also worth noting that while ABE also involves linking biotin to fatty acylated proteins, the
mechanism of linkage and types of bonds are different. The ABE protocol used for pulldown shown
in Figure 4.2 involves the use of HPDP-biotin which is a pyridyldithiol-biotin compound that forms
reversible disulfide bonds with free cysteines (Soltec Ventures), while click chemistry-linked biotin
azide occurs through a stable 1,2,3-triazole linkage (Devaraj et al., 2006). Therefore, HPDP-biotin
linked proteins could be easily released in comparison to proteins linked to biotin through click
chemistry. The use of Dde biotin azide plus allows for another option to release click chemistry-
linked proteins with hydrazine, which should be tested if available. These pulldown experiments
represented a preliminary trial of the two methods, and a more accurate comparison of the two
pulldown methods in the future will require the use of consistent avidin beads between experiments

side-by-side.

The increase in autophagic flux appeared to accompany an overall increase in total protein
palmitoylation. However, an untreated control was lacking at each time point beyond 0 hours,

therefore, whether palmitoylation was in fact upregulated remains to be confirmed. In particular,
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levels of palmitoylation were noticeably elevated at 2 hours of rapamycin treatment and beyond,
however, the increase in p62 degradation did not noticeably increase until 4 to 6 hours of treatment,
although LC3-I/II conversation was slightly increased (Figure 4.3). Taken together, these results
suggest that the increase in palmitoylation upon induction of autophagy may be more involved in the
initial stages of autophagy, including formation of the double membraned autophagosome, when
LC3-I/II conversion is essential (Tanida, 2011). In addition, the possible increase of total protein
palmitoylation appeared to be prolonged throughout. This is consistent with a recent finding in the
Martin lab that 50% of all autophagy regulators are palmitoylated (unpublished), therefore it is no

surprise that palmitoylation levels remain elevated when autophagy is upregulated.

The experiment presented in Figure 4.3 aimed to identify the optimal treatment and labeling time
for autophagy induction, which was found to be 4 hours. Next, a closer examination of these time
points is required with an untreated control for each treatment period. In addition, it would be
interesting to examine protein palmitoylation in closer detail as well by measuring changes in
palmitoyl acyltransferases as well as protein thioesterases to determine whether the overall increase
seen is due to increased forward palmitoylation, or a decrease in the reverse de-palmitoylation.
Additionally, incorporation of a palmitoylation inhibitor would also provide further confirmation of

whether palmitoylation affects autophagic flux.

In summary, this combined method has the potential to be a useful tool to examine the importance
of protein palmitoylation in autophagy and provide insight on the mechanisms of diseases associated

with disrupted autophagy.
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Chapter 5
Low Throughput Confirmation and Characterization of

Palmitoylated Proteins

The final objective of the project was to confirm and characterize proteins identified in the high
throughput experiments. Since mass spectrometric analysis has yet to be completed, several proteins
of interest to the Martin lab were analyzed for palmitoylation via metabolic labeling and click
chemistry detection. The following experiments were performed for low throughput palmitoylation
detection of the small valosin-containing protein (VCP) interacting protein (SVIP), and the SARS-
CoV-2 spike protein (SARS-CoV-2 S). Through transfection with the proteins of interest prior to
metabolic labeling, click chemistry can be performed on immunoprecipitated proteins as well as total
protein lysates to confirm palmitoylation. Further characterization studies would also involve the
acyl-biotin exchange assay in addition to click chemistry, as well as identifying sites of

palmitoylation by mutating predicted cysteines.

5.1 Small VCP-interacting protein N-myristoylation and S-palmitoylation

Valosin-containing protein (VCP) is a highly conserved hexameric ATPase Associated with diverse
cellular Activities (AAA) which include the ubiquitin-proteasome system in endoplasmic reticulum-
associated protein degradation (ERAD), apoptosis, and autophagy (Yamanaka et al., 2012). VCP
interacts with a large number of cofactors to allow its functioning in various compartments of the cell
(Meyer & Weihl, 2014; Xia et al., 2016; Yeo & Yu, 2016). The 9-kDa small valosin containing
protein/p97-interacting protein (SVIP) has been shown to regulate VCP localization (Nagahama et al.,
2003; Y. Wang et al., 2011). In addition, overexpression of SVIP leads to the formation of vacuoles

which colocalize with LC3 and the lysosomal marker lamp1, suggesting that the SVIP-VCP
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interaction is involved in autophagy (Akcan et al., 2020; Y. Wang et al., 2011). Interestingly,
potential myristoylation and palmitoylation sites have been identified at the N-terminus of SVIP, but
not experimentally confirmed (Nagahama et al., 2003). This led to an interest to determine whether
SVIP undergoes N-myristoylation and or S-palmitoylation, as well as the role these modifications
may have on regulating SVIP function and its interaction with VCP. We therefore transfected
mCherry-tagged SVIP (cloned in the Martin lab) into HEK293T cells and metabolically labeled with
both alkynyl myristate and alkynyl palmitate, with or without the myristoylation inhibitor DDD85646
and the palmitoylation inhibitor 2BP. As a positive control, the known myristoylatable C-terminal
truncated fragment of the huntingtin protein (myr-ctHTT-GFP) was included. A non-myristoylable
form with a glycine to alanine substitiution (G2A-ctHTT-GFP) was also used (D. D. O. Martin et al.,

2014). Both ctHTT-GFP plasmids were gifts from the Bertiaume lab.

To detect fatty acylation, the proteins were immunoprecipitated (IP) using the GFP or mCherry
tags, then examined for fatty acylation through click chemistry. To ensure the assay was functional,
total protein lysates were also clicked. As expected, myristoylation of myr-ctHTT-GFP was detected
in both the lysates as well as immunoprecipitated proteins (Figure 5.1A top). Interestingly, the signal
was stronger in the lysates in comparison to the IP, indicating efficient detection of fatty acylation
without IP (Figure 5.1A top). In addition, the G2A mutation effectively abolished the detection of
myristoylation in both lysates and immunoprecipitated G2A-ctHTT-GFP (Figure 5.1 bottom).
Although the signal in the immunoprecipitated samples was noticeably weaker compared to the
lysates, there was a substantial reduction in the presence of additional protein bands, suggesting
increased specificity in the detection of a particular protein. The HTT results indicated that click
chemistry detection on immunoprecipitated proteins following metabolic labeling with alkynyl fatty
acid analogs was in fact, capable of detecting fatty acylation of an overexpressed protein while

reducing background proteins present in the total protein lysate input (Figure 5.1A).
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mCherry-tagged SVIP was detected at ~36 kDa in the lysates, and both myristoylation and
palmitoylation were detected by click chemistry linkage of the alkynyl fatty acid-modified proteins in
the SA680 channel (Figure 5.1B right). An additional band of ~12kDa in the lysates corresponding
with endogenous SVIP, consistent with literature (Akcan et al., 2020; Nagahama et al., 2003), was
also detected in the SA680 channel indicating that endogenous SVIP was myristoylated and
palmitoylated (Figure 5.1B top right panel). However, mCherry-tagged SVIP was not detected in the
IP. It was possible that the antibody used to IP mCherry-tagged SVIP was functional although weak,
while the antibody used for western detection may have been ineffective. Nevertheless, although

SVIP was not immunoprecipitated, we were able to detect SVIP fatty acylation in the lysates.

54



Q Q B
Q
A & & & ¢
@ A I
£ £ £
S § z é‘ SVIP-mCherry SVIP-mCherry
5 & )
M £ ¥ Alk-myr ~ + + - - + +
£ N N N Y
& o £ 9 Alk-pal - I - R
kDa Inhib - + -4 - + -t
50— kDa
37— 90—
37— .
_— —— ‘ ae =
SA680 25—
SA680 25—
20—
20—
- .
50—
37— 50—
37— —
— — \—
foy -—
p5— -
GFP e 25— -
mCherry
20—
.- 20—
IP Lysates IP Lysates

Figure 5.1 Fatty acylation detection of SVIP-mCherry and ctHTT-GFP via click chemistry.

HEK293T cells were transfected with SVIP-mCherry and ctHTT-GFP and metabolically labeled with
alkynyl myristate or alkynyl palmitate in the presence or absence of inhibitors DDD85646 and 2BP
where indicated. Following lysis, the proteins were immunoprecipitated and isolated using either anti-
GFP or anti-mCherry antibodies and magnetic protein G beads. Both lysates and immunoprecipitated
proteins released from beads were subjected to click chemistry. N-myristoylation and S-
palmitoylation were detected using Alexa Fluor Streptavidin 680 Conjugate (SA680) (1:10,000). A)
C-terminally truncated (ct) and myristoylatable form of huntingtin (HTT) (myr-ctHTT-GFP), and a
non-myristoylatable form ctHTT-GFP with a G2A substitution (provided by the Bertiaume lab) were
expressed. Goat anti-GFP was used for immunoprecipitation and detected using rabbit anti-GFP
(1:5000) with anti-rabbit Alexa 488 (1:5000). B) mCherry-tagged SVIP (cloned in the Martin lab)
was expressed. Mouse anti-mCherry was used for immunoprecipitation and mCherry was detected
using mouse anti-mCherry (1:2500) with anti-mouse Alexa 555 (1:5000). Modified from(Liao et al.,

2021).

5.2 SARS-CoV-2 spike protein S-palmitoylation

In addition to SVIP, a second protein of interest was experimentally assessed specifically for
palmitoylation. Recently, a large-scale interactome study of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) proteins, the cause of the current global pandemic, was completed in an

effort to understand the molecular mechanisms of this virus (Gordon et al., 2020). Of the 26 proteins
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that were expressed and purified for mass spectrometry identification, the spike protein of the virus
(SARS-CoV-2 S) stood out due to its interaction with one of the mammalian protein acyltransferases
(PAT), zDHHCS, suggesting that SARS-CoV-2 S may be S-acylated (Gordon et al., 2020). Covering
the surface of the viral particles, the 180-200 kDa spike (S) protein has important functions in host
cell entry through the mediation of receptor recognition and cell membrane fusion (Huang et al.,
2020; F. Li, 2015). Since protein palmitoylation is known to facilitate membrane binding, in addition
to the reported interaction with a PAT, strongly supported spike protein as a candidate for
palmitoylation. Therefore, we sought to experimentally determine whether the spike protein is indeed

modified by palmitoylation using metabolic labeling and click chemistry detection.

We obtained SARS-CoV-2 S from the interactome study and subsequently cloned it into FEW-
mCherry (Dr. Dale Martin and Dr. Firyal Ramzan performed the cloning). mCherry-tagged SARS-
CoV-2 S was transfected into HEK293T cells, with or without zZDHHCS5 or zDHHC20 and
metabolically labeled with alkynyl palmitate. ZDHHC20 was also included due to its similarities to
zDHHCS (Plain et al., 2020). Following lysis, immunoprecipitated proteins were subjected to click
chemistry. We found several spike protein bands, especially at ~250 kDa, to be palmitoylated with
the click chemistry-linked fluorescent azide signal (Figure 5.2), which indicated that the spike protein
was acylated with alkynyl palmitate. The palmitoylation signal was largely abolished when the
palmitoylation inhibitor 2BP was included during metabolic labeling, further confirming
palmitoylation of the spike protein (Figure 5.2). Interestingly, co-transfection with zDHHC20
appeared to increase spike protein palmitoylation, whereas co-transfection with ZDHHCS seemed to
change the banding pattern of the spike protein (Figure 5.2). Further studies in the Martin lab have
since confirmed that both zZDHHCS5 and zDHHC20 increases Spike-mCherry palmitoylation and
alters its cleavage patterns (unpublished). In addition, previous work by Dr. Martin and colleagues

have identified ketoconazole as a novel palmitoylation inhibitor of the dual leucine-zipper kinase
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(DLK), the palmitoylation of which is required for pro-degenerative signaling in axons (D. D. O.
Martin et al., 2019). Since ketoconazole is an FDA-approved drug, we were curious to see if spike
palmitoylation may be affected by ketoconazole as well. The palmitoylation signal seen in the larger
fragment appears to be reduced with treatment of ketoconazole in comparison with the untreated
sample (Figure 5.2), however, the mCherry signal was also reduced. Therefore, we cannot conclude

whether ketoconazole had an inhibitory effect on palmitoylation of the spike protein of SARS-CoV-2.
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Figure 5.2 Palmitoylation detection of Spike-mCherry using click chemistry.

HEK293T cells were transfected with mCherry, mCherry-tagged SARS-CoV-2 S (Sp) and zDHHCS5-
HA or zDHHC20-HA as indicated. Cells were treated with 100 uM 2BP or 10 uM ketoconazole for
15 minutes where indicated, prior to metabolic labeling with alkynyl palmitate. Following lysis,
spike-mCherry was immunoprecipitated and isolated using rabbit mCherry and magnetic protein G
beads. Immunoprecipitated proteins released from the beads were subjected to click chemistry and
palmitoylation was detected using AFDye 647 azide plus. mCherry was detected using rat anti-
mCherry (1:2000) and anti-rat Alexa 488 (1:2500).
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5.3 Summary of results and discussion

Through transfection and metabolic labeling in HEK293T cells with click chemistry detection, we
have experimentally confirmed that SVIP is modified by both myristoylation and palmitoylation,
while the spike protein of SARS-CoV-2 is modified by palmitoylation. Fatty acylation of SVIP has
yet to be reported and has interesting implications on VCP function in autophagy, which further
underlines the role of palmitoylation in autophagy. VCP functioning is largely dependent on its
distribution within the cell, and recent work by Johnson and colleagues have shown that SVIP recruits
VCP to the lysosome (Johnson et al., 2021). Interestingly, the study also found an inability for
autophagosome fusion with lysosome using dual-tagged LC3 in SVIP knockout fruit flies, as well as
an accumulation of insoluble protein aggregates (Johnson et al., 2021). These reported findings, in
addition to our results confirming SVIP myristoylation and palmitoylation led to questions of whether
the SVIP’s interaction and recruitment of VCP to lysosomes are dependent on fatty acylation. The
same research group has shown that the lysosome tubule network in muscles lose their stability and
become fragmented, which disrupts autophagolysosome fusion, when VCP was mutated or SVIP
knocked out (Johnson et al., 2015, 2021). It is possible that mutated SVIP incapable of fatty acylation
would show the same effect of blocked autophagy. In addition, we found SVIP to be both
myristoylated and palmitoylated, which was particularly interesting since dual acylation allows more
complex regulation of membrane interactions (Farazi et al., 2001; D. D. O. Martin et al., 2011;
Shahinian & Silvius, 1995). N-myristoylation promotes weak transient membrane interactions, while
the reversibility of S-palmitoylation allows the dually-acylated protein to remain at the membrane
until disengaged by the appropriate enzymes (Farazi et al., 2001; Shahinian & Silvius, 1995). Dual
acylation of SVIP may therefore explain its importance in lysosome stability and late-stage autophagy

involving fusion of the autophagosome with lysosomes. Ongoing studies in the Martin lab aim to test
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the importance of SVIP fatty acylation on VCP localization and function, including the interplay

between SVIP myristoylation and palmitoylation, especially under autophagic conditions.

Recently, the SARS-CoV-2 spike glycoproteins were found to be palmitoylated with the exchange-
enabled mass tag labeling method which allows determination of the number of palmitoylated sites
(Nguyen et al., 2020; Percher et al., 2016). Of the palmitoylated spike glycoproteins, different species
showed one to four palmitoylated cysteines, which may explain our detection of multiple spike
protein bands with at least one species modified by alkynyl palmitate (Figure 5.2) (Nguyen et al.,
2020). The finding of SARS-CoV-2 spike protein palmitoylation may also present new target
pathways for anti-viral therapeutics. 2BP-mediated inhibition of spike protein palmitoylation was
found in a study by Nguyen and colleagues to reduce cleavage activation of the spike protein
precursor, interfere with cellular fusion, and thereby reduce viral infection, suggesting a role of
palmitoylation in proteolytic processing of the spike protein to facilitate cellular invasion (Nguyen et
al., 2020). Consistent with the aforementioned study, another research group found pharmacological
disruption of spike protein palmitoylation to prevent viral plaque formation and improve survival in
mice infected with a murine CoV virus (M. Lee et al., 2020). In addition, both zZDHHCS5 and
zDHHC20 were found to mediate spike protein palmitoylation, consistent with our findings, which
functioned to regulate spike protein activation and cellular fusion (M. Lee et al., 2020; Mesquita et
al., 2021). In light of the growing evidence implicating palmitoylation and spike protein-mediated
infectivity of coronaviruses, targeting spike protein-specific palmitoylation may be a potentially

promising therapeutic target.

Following experimental confirmation of fatty acylation in a protein of interest, the next steps to
further characterize the effect of this modification will involve generating point mutations of

predicted acylation sites. The Martin lab has generated cysteine and glycine point mutations in SVIP
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to further understand the role of fatty acylation in the interaction and recruitment of VCP, as well as

their roles in regulating the fate of autophagosomes during autophagy.
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Chapter 6

Discussion

6.1 Conclusions and future directions

The aim of this research project was to optimize click chemistry-based methods of protein
palmitoylation detection for the downstream identification of palmitoylated proteins that regulate
autophagy. I have established functional protocols in the Martin lab for metabolic labeling and
subsequent click chemistry detection by testing several reagents including fluorescent and biotin
azides. Importantly, we have demonstrated that existing field practices of delivering fatty acid analogs
were not as efficient as previously assumed and can be significantly improved upon by stripping cell
culture media of fatty acids prior to the addition of saponified fatty acid analogs incubated in fatty
acid-free BSA. This improved labeling approach has important implications for the study of protein
palmitoylation due to the low sensitivity in the identification of palmitoylated proteins using the
inefficient and insoluble fatty acid analog alkynyl stearate (17-ODYA) in palmitoylproteome studies,
which likely led to the omission of a large number of palmitoylated protein targets (Liao et al., 2021).
In addition, I have explored the combination of click chemistry detection with additional proteomic
techniques, including affinity purification, to allow for focused analysis specifically on palmitoylated
proteins within cells during chemically-induced autophagy. This enrichment is particularly important
in our aim to identify new and high-value protein targets whose palmitoylation profile is dynamically

regulated during autophagy.

There is considerable evidence supporting an interplay between protein palmitoylation, autophagy
and neuronal functioning (Cho & Park, 2016; A. E.-D. El-Husseini & Bredt, 2002; Ji & Skup, 2021;
Kim et al., 2018; Koster, 2019; Nakamura & Yoshimori, 2017; Sanders et al., 2015, 2019).

Palmitoylation has been identified to be widely enriched in synaptic processes and disorders of the
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central nervous system, which is not surprising due to the requirement of tightly regulated protein
trafficking in the polarized morphologies of neurons (Fukata & Fukata, 2010; Sanders et al., 2015).
In addition, a significant number of proteins associated with neurodegeneration have been identified
to be palmitoylated. For example, disruptions in the peripheral postsynaptic density protein 95 (PSD-
95) are associated with Alzheimer disease, and the targeting of PSD-95 to synaptic membranes is
mediated by palmitoylation which then clusters ion channels (A. E. El-Husseini et al., 2000; Topinka
& Bredt, 1998). Similarly, palmitoylation of many neuronal proteins including G-protein coupled
receptors, signaling proteins such as Ras, neuronal cell adhesion molecules and synaptic vesicle
proteins, like SNAP25, is important in regulating their function by mediating signaling, intracellular
distribution, stability and anchorage in membrane interactions (Fukata & Fukata, 2010; Greaves &
Chamberlain, 2011; Jia et al., 2014; Little et al., 2009). Therefore, protein palmitoylation is vital to
neuronal functioning, and investigations into palmitoylation-mediated regulation of specific proteins

can provide valuable insight into the mechanisms of pathology in diseases of the nervous system.

Remarkably, a number of proteins involved in autophagy that are also associated with
neurodegeneration have been identified as palmitoylated in the Martin lab, which was a major
motivation for this project. For example, presenilin 1 is required for lysosome acidification and
proteolysis of substrates by cathepsins (J.-H. Lee et al., 2010) and was found to be palmitoylated
(unpublished). Additionally, p62 palmitoylation was found to be decreased in Huntingtin (HD)
diseased brains (unpublished), suggesting a role of p62 palmitoylation in the molecular mechanisms
of HD. Similarly, valosin-containing protein (VCP) is involved in multiple stages of autophagy
including initiation, maturation of the autophagosome, as well as fusion of the autophagolysosome
(Yeo & Yu, 2016). Mutations of VCP cause diseases such as Inclusion body myopathy, Paget’s bone
disease, frontotemporal dementia, and amyotrophic lateral sclerosis (Vesa et al., 2009). Interestingly,

we have found that both VCP, as well as the small VCP-interacting protein, are palmitoylated, which

62



leads us to speculate that this modification may contribute to their roles in late-stage autophagy in
relation to the lysosome (unpublished) (Johnson et al., 2021). The possible overall increase in
palmitoylation during rapamycin treatment would be in agreement with evidence supporting an
enrichment of palmitoylation in autophagy in that 50% of all autophagy regulators are palmitoylated
(unpublished). In combination with the successful enrichment following click chemistry linkage of
biotin to palmitoylated proteins, future studies can proceed to identify palmitoylated proteins involved
in autophagy by mass spectrometry with our collaborators at the University of Ottawa Dr. Mathieu
Lavallee-Adam and Dr. Daniel Figeys. The combination of the improved metabolic labeling approach
demonstrated in this project, along with the recently developed machine learning supervised real-time
mass spectrometric identification developed by our collaborators, would further amplify sensitivity in
the identification of palmitoylated protein targets (Pelletier et al., 2020). The resulting improvement
in the detection of low abundance protein targets may identify novel substrates which undergo

palmitoylation during autophagy.

Furthermore, we have demonstrated low throughput detection of two different proteins of interest
via click chemistry of overexpressed proteins. This was performed on both immunoprecipitated
proteins as well as total protein lysates to confirm palmitoylation and or myristoylation. Following
identification of protein targets, the same low throughput confirmation of fatty acylation can be
performed. In this regard, exchange-based methods should also be included to complement click
chemistry-based detection to include stable protein palmitoylation with low turnover rates. Once
confirmed, we can then aim to map sites of fatty acylation through site-directed mutagenesis of
predicted sites and begin to characterize fatty acylation by determining the responsible protein
acyltransferase(s) and examining changes in protein localization and cellular functions with

immunofluorescence microscopy.
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Autophagy is disrupted in a wide variety of diseases, whether due to an inability to clear toxic
proteins and organelles, or through overactive degradation leading to autophagic cell death. Where
impairment of autophagy is associated with disease, such as through the buildup of protein
aggregates, we may expect to see a decrease in the overall levels of palmitoylation than normal within
the cell. However, the profile of palmitoylated proteins in different types of diseases could be very
different. For example, in cancer, palmitoylation regulates both pro-cancer oncogenes as well as
tumour suppressors (Ko & Dixon, 2018). Ultimately, if we can determine how palmitoylation-
regulated autophagy is disrupted in the pathogenesis of these diseases, it may provide potential targets

to restore normal autophagic functions for the treatment of multiple disorders.
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