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ABSTRACT OF THE DISSERTATION

Understanding the Functional Role of Protein Palmitoylation in Disease

by

Hetika Vora

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2021

Professor Neal Devaraj, Chair

Protein S-palmitoylation is an essential post-translational modification that regulates

protein structure and function. It consists of the attachment of a palmitic acid to one or more

cysteine residues through a thioester linkage. In cellular proteins, S-palmitoylation plays an

important role in membrane localization, trafficking, lipid raft association, and cell signaling.

Various viral proteins are also modified with S-palmitoylation; however, their functional role
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differs from that of cellular proteins. One of the main differences is that S-palmitoylation is a
reversible process in cellular proteins, which allows for recycling and regulation of protein
function, whereas in viral proteins, there is no functional benefit to recycle and reuse proteins after
viral entry and infection has occurred. The unique nature of S-palmitoylation on protein function
makes it an interesting lipid post-translational modification to further characterize and potentially
target for therapeutic purposes. There are not many studies that have focused on S-palmitoylation
as a targeted therapeutic approach, which makes it even more intriguing to fully understand its
effects on cellular and viral proteins. In this dissertation, I examined the effects of directly targeting
S-palmitoylation of the NRAS protein, which is highly mutated in multiple cancers including
melanoma, using a novel amphiphile-mediated depalmitoylation approach. I discovered that this
chemoselective strategy causes delocalization of NRAS from the plasma membrane, inhibition of
downstream oncogenic signaling pathways in NRAS-mutated melanoma cells, and reduction of
tumor growth in NRAS-mutated melanoma xenograft mice. Additionally, I focused on
understanding the role of S-palmitoylation on the SARS-CoV-2 spike glycoprotein. I determined
the essential sites of palmitoylation within the C-terminal cysteine-rich region as well as the
palmitoylation-dependence of membrane fusion between the spike protein and the host ACE2
receptor. Taken together, these studies highlight the significance of S-palmitoylation on cellular
proteins, such as the effect on NRAS function and downstream signaling, and viral proteins,
specifically the role on SARS-CoV-2 spike protein-mediated virus-cell membrane fusion, that are

involved in various diseases.
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Chapter 1: Introduction

1.1 Introduction to Protein S-Palmitoylation

Protein lipidation is an essential post-translational modification (PTM), in which fatty acids
are covalently attached to a variety of proteins'?. Linkage of lipid PTMs increases the
hydrophobicity of proteins, affecting protein function, regulation, stability, and structure. One of
the important lipid modifications found on hundreds of proteins is S-palmitoylation, which is the
attachment of the 16-carbon palmitic acid to one or more cysteine residues through a thioester
bond?. Many of the proteins that are modified with these lipid species are involved in human
diseases, such as metabolic diseases, neurological disorders, and cancer!.

Protein S-palmitoylation is involved in various functional and regulatory roles, such as
membrane localization, cellular trafficking, lipid raft association, and downstream cell signaling
processes. Additionally, S-palmitoylation is dynamic in nature since the lipid PTM undergoes
cycles of palmitoylation and depalmitoylation for many cellular proteins®. In these cases,
palmitoylation is regulated by palmitoyl acyltransferases (PATs) that promote attachment of
palmitate to proteins and palmitoyl thioesterases that readily cleave off the palmitoylation
modification*®. Since dysregulation of palmitoylation is associated with many diseases, there is
great interest to understand the role of this protein PTM and develop therapeutics to target the
unique lipid modification.

The focus of this doctoral dissertation is to understand the functional role of palmitoylation
in proteins associated with various diseases and to pave way for novel approaches of targeting the
S-palmitoylation lipid modification. Some of the disease-associated proteins of interest include the

Ras family of proteins mutated in cancer, of which this dissertation focuses on using an



amphiphile-mediated approach to target NRAS in the context of NRAS-mutated melanoma, and
the viral spike glycoprotein in the novel SARS-CoV-2 coronavirus that emerged at the end of

2019.

1.2 Ras Post-Translational Modifications and Cancer

The Ras proteins are G proteins that function as GTPases and regulate cell growth and
survival pathways. The four Ras isoforms, which include HRAS, NRAS, KRAS4a, and KRAS4b,
are mutated in more than 30% of all human cancers’. Ras proteins are post-translationally modified
with lipid moieties on their C-terminal hypervariable regions (HVR), which is the region that
distinguishes each isoform from one another®. Specifically, all the Ras isoforms undergo
farnesylation as the first membrane-targeting modification, which occurs in the cytosol. However,
only HRAS, NRAS, KRAS4a undergo palmitoylation as the second membrane-binding signal,
which occurs in the Golgi. After these isoforms are palmitoylated, they are transported to the
plasma membrane through a secretory pathway>*!°, In contrast, KRAS4b does not undergo a
secondary signal for membrane-anchoring because its HVR sequence contains a poly-lysine region
that allows for passive diffusion and attachment to the plasma membrane’.

For decades, Ras proteins have been extremely challenging to target through traditional
small-molecule therapeutic approaches. Two main reasons for this difficulty were because the Ras
proteins do not have deep binding pockets on their surfaces and the fact that the Ras proteins have
high binding affinity for GTP in the picomolar range, which would make it difficult for a small-
molecular inhibitor to compete within the same GTP-binding pocket’. For these reasons, currently
approved treatments and therapeutic approaches for targeting Ras proteins in a variety of diseases

include targeting upstream proteins and downstream effectors. For example, there are drugs that



target the downstream effectors of Ras, such as RAF and MEK inhibitors. However, there are
significant challenges in implementing these treatments long-term, such as leading to resistance
and feedback loop activation of upstream signaling through receptor tyrosine kinases (RTKs),
which can lead to an increase in other downstream pathways such as the PI3K/AKT signaling
pathway’*!!, Although the recent development of mutant-specific inhibitors for KRAS(G12C)
have entered phase 2 clinical trials with promising results, the issue of acquired resistance is being
studied and more treatment approaches are still needed to target the other Ras isoforms!?!3.

An alternative therapeutic approach to targeting Ras proteins that has gained much interest
in the last decade is to target the post-translational modifications of these “undruggable” proteins.
Specifically, farnesyl transferase inhibitors (FTIs) have been developed to directly block the

16.17 Recent clinical trials have

enzyme that covalently attaches a farnesyl group to these proteins
demonstrated encouraging results showing the FTI tipifarnib is efficacious in patients with head
and neck squamous cell carcinoma (HNSCC) with HRAS mutations'®!°, Although these results
show the benefit of taking an alternative, indirect approach to targeting HRAS, FTIs are ineffective
in NRAS and KRAS mutant cancers because these two Ras isoforms are alternatively
geranylgeranylated when farnesylation is blocked’. For this reason, there is still great need for
effective Ras-targeting therapies, one of which could be to target the palmitoylation modification
since there are currently no selective palmitoylation inhibitors.

About one third of all human cancers have activating mutations in RAS oncogenes. In
particular, NRAS mutations are found in about 20% of melanomas. NRAS-mutant melanomas are
more aggressive, with a higher fatality rate in patients with this subset of skin cancer?. Currently,

melanoma patients receive immune-based therapies as first-line treatment and chemotherapy as

second-line treatment, which are not always effective?!. It was observed in a small NRAS-mutated



cohort of melanoma patients that there was a response to high-dose interleukin-2; however, about
53% of patients did not have a response to this approved but toxic immunotherapy??. Although
there is some promising preclinical and clinical data, there is currently no approved treatment that
combats NRAS-mutant melanomas with significant survival rates. There is a great need for a
targeted therapy for patients with NRAS-mutated melanoma using unique approaches, rather than
those currently implemented in the clinic. A possible approach would be to target post-translational
modifications of NRAS, such as S-palmitoylation, to prevent the excessive cancer cell growth and
survival seen in melanoma. Chapter 2 of this dissertation focuses on using a novel chemoselective
approach that our group has developed to target the palmitoylation modification on NRAS and

inhibit its downstream signaling in the context of NRAS-mutated melanoma.

1.3 Viral Spike Glycoprotein Palmitoylation and COVID-19

Lipid PTMs, including S-palmitoylation, are not only found in a wide variety of cellular
proteins but also in multiple viral proteins'. Since viruses rely on the host cell’s machinery for
replication and protein synthesis, many viral proteins undergo attachment of PTMs?. However,
the functional roles of S-palmitoylation in viral proteins differs in some ways from its roles in
cellular proteins, especially pertaining to its dynamic nature. The typical cycles of palmitoylation
and depalmitoylation that occur in cellular proteins has not been observed in viral proteins?*. This
difference may be due to the fact that S-palmitoylation linkage on cellular proteins regulates their
localization and function, and thus allows for these proteins to be reused and recycled multiple
times. However, in contrast, viral proteins do not need to be reused because they perform their

function of viral entry and infection only once?.



Coronaviruses are a group of enveloped RNA viruses that cause diseases in both humans
and animals?’. This group of viruses are made up of three main transmembrane structural proteins

— spike glycoprotein (S), envelope protein (E), and membrane protein (M)?¢%7

. The entry and
replication cycle of coronaviruses is initiated by the binding of the spike glycoprotein to its host
cell surface receptor?®. This binding event triggers a conformational change in the spike protein
that results in the membrane fusion between the virus and host cell.

Many viral proteins, including structural, nonstructural, and accessory proteins, in
coronaviruses are modified post-translationally with lipid species, such as fatty acids. The roles
and functions of these PTMs affect coronavirus biology as well as virus-host cell interactions?3.
The spike glycoprotein is known to be palmitoylated within the C-terminal cysteine-rich cytosolic
tail, which is conserved across multiple coronaviruses®®. Not many studies have been done to fully
characterize S-palmitoylation on coronavirus spike proteins and its effects on viral infection.
Depending on the coronavirus, the function and role of palmitoylation may differ when it comes
to protein folding, membrane fusion, and protein-protein interactions?.

The most recent coronavirus that appeared in 2019 is the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) that causes COVID-19, a fatal respiratory disease that has caused
over 3 million deaths worldwide?®. With the emergence of this global pandemic, there has been
tremendous need for rapid development of vaccines to prevent SARS-CoV-2 viral infection as
well as therapeutics for treating individuals who have already been infected with the virus. A
unique therapeutic approach could be to focus on the S-palmitoylation modification found on
coronavirus spike glycoproteins and determine if removal of this PTM has significant effects on

SARS-CoV-2 viral entry. Chapter 3 of this dissertation focuses on understanding the functional

role of S-palmitoylation of the novel SARS-CoV-2 spike glycoprotein on virus-cell membrane



fusion that contributes to viral infection. Gaining further insight on the effects of spike protein

palmitoylation on viral entry and infection could potentially provide a novel target on this viral

protein for the treatment of COVID-19.
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Chapter 2: Inhibition of NRAS Signaling in Melanoma Through Direct Depalmitoylation

Using Amphiphilic Nucleophiles

2.1 Abstract

Activating mutations in the small GTPase NRAS are responsible for driving tumor growth
in several cancers. Unfortunately, the development of NRAS inhibitors has proven difficult due to
the lack of hydrophobic binding pockets on the protein’s surface. To overcome this limitation, we
chose to target the posttranslational S-palmitoyl modification of NRAS, which is required for its
signaling activity. Utilizing an amphiphile-mediated depalmitoylation (AMD) strategy, we
demonstrate the ability to directly cleave S-palmitoyl groups from NRAS and inhibit its function.
C8 alkyl cysteine causes a dose-dependent decrease in NRAS palmitoylation and inhibits
downstream signaling in melanoma cells with an activating mutation in NRAS. This compound
reduces cell growth in NRAS-driven versus non-NRAS-driven melanoma lines and inhibits tumor
progression in an NRAS-mutated melanoma xenograft mouse model. Our work demonstrates that
AMD can effectively suppress NRAS activity and could represent a promising new avenue for

discovering lead compounds for treatment of NRAS-driven cancers.

2.2 Introduction

Ras proteins are small GTPases that regulate many cellular events including proliferation!,
differentiation?, adhesion?, apoptosis*, and migration®. There are four known isoforms of the Ras
family of proteins — NRAS, HRAS, KRAS4a, and KRAS4b — that are mutated in numerous

diseases ranging from neurodevelopmental disorders to various cancers®. Activating mutations in



the RAS oncogenes are found in approximately one third of all cancers®, making it the most

frequently mutated gene family in human cancer.

Ras proteins are very difficult to target and have even been deemed “undruggable™’. Small-
molecule inhibitors that directly bind to Ras proteins with high affinity are extremely challenging
to develop due to the lack of deep binding pockets on their surfaces®, though recent breakthroughs
have been made for the G12C mutant through use of covalent inhibitors®®. Because of this
complexity, current treatments and therapeutic approaches for targeting Ras-related diseases rely
on targeting upstream proteins and downstream effectors. However, these approaches often come

with significant challenges such as feedback loop activation or acquired resistance!®.

Membrane anchoring post-translational modifications (PTMs) on Ras occur at the C-
terminal hypervariable region (HVR)!!. These PTMs are involved in regulation of cell signaling
pathways as well as membrane localization, cellular trafficking, and activation of Ras
proteins®!%!13, Membrane localization of Ras proteins is necessary for their downstream signaling
events to occur®. The membrane localization of NRAS, HRAS, and KRAS4a is regulated by
prenylation and palmitoylation at the CAAX terminus, which creates a hydrophobic lipid domain
on the C-terminal cysteine®. On the other hand, KRAS4b is not palmitoylated but rather contains
a polybasic region in its HVR allowing for its passive diffusion to the plasma membrane®!'%13,
NRAS and HRAS are palmitoylated by the palmitoyl acyltransferase (PAT) enzyme DHHCO-
GPC16 complex and depalmitoylated by acyl-protein thioesterases, which allow for their release

from the plasma membrane and diffusion back to the Golgi'#!.

A potential therapeutic strategy to target oncogenic Ras isoforms in cancers would be to
prevent membrane association by direct targeting of lipid PTMs, such as prenylation or

palmitoylation. The first small-molecule inhibitors developed to target PTMs of Ras proteins were

10



farnesyltransferase inhibitors (FTIs), which directly blocked the farnesyl transferase enzyme by
competitively binding to the CAAX binding site!®. These FTIs inhibited HRAS farnesylation and
membrane localization in cells, which decreased cell growth in various human cancer cell lines®.
However, although FTIs seem to have promising effects on certain HRAS mutant cancers in recent
clinical trials, they failed to work for all of the Ras isoforms!”-!®. This result was explained by the
fact that NRAS, KRAS4a, and KRAS4b were found to undergo geranylgeranylation as an

alternative prenylation modification when farnesylation was blocked by FTIs®!2,

Due to the ineffectiveness of FTIs for NRAS, a good alternative approach would be to
target palmitoylation, since there are no known compensatory mechanisms for lipidating S-
palmitoylation sites if PATs are blocked. Currently, there are no selective inhibitors for
palmitoylation because of the difficulty to target only one of the 23 PAT enzymes and their
overlapping substrate specificity!>!%!°, However, the irreversible inhibitor 2-bromopalmitate (2-
BP) has been used as a pharmacological tool to study protein palmitoylation for many years'!!°,
Because 2-BP is a promiscuous electrophile, it targets multiple enzymes involved in lipid
metabolism as well as many other proteins and non-CoA-dependent enzymes, which limits its
potential as a therapeutic candidate for depalmitoylation due to off-target side effects and
associated toxicity issues?®. Thus, it would be beneficial to take an alternative approach to
traditional enzymatic inhibitors and use a chemoselective chemical agent to directly target
palmitoylation of NRAS as a means to suppress its signaling capabilities that are responsible for
tumor progression. Recently, our group has developed an amphiphile-mediated depalmitoylation
(AMD) strategy using a compound, termed C8 alkyl cysteine (1), to cleave S-palmitoyl groups

from endogenous membrane-associated proteins?!. We sought to apply the AMD approach to

depalmitoylate NRAS and inhibit its function in the context of an NRAS-driven cancer.
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Here we demonstrate that C8 alkyl cysteine (1) is able to depalmitoylate NRAS in NRAS-
mutated melanoma, leading to significant phenotypic effects in vitro and in vivo. In turn,
depalmitoylation of NRAS decreased phosphorylation of downstream proteins such as AKT and
ERK in NRAS-mutated melanoma cells. Fluorescence microscopy studies showed that treatment
with the depalmitoylating agent caused delocalization of NRAS from the plasma membrane. We
also determined that as concentrations of 1 increased, the cell viability of NRAS-mutated
melanoma cell lines decreased, while the cell viability of a BRAF-mutated melanoma cell line was
unaffected until much higher concentrations. Cell death was partially rescued by addition of an
NRAS mutant bearing a non-palmitoylated membrane binding tail derived from KRAS4b, which
is not dependent on palmitoylation for plasma membrane localization. In an NRAS-mutated
melanoma xenograft mouse model, treatment with 1 caused a decrease in p-ERK, increase in
apoptosis, and decrease in tumor growth. These results suggest that directly depalmitoylating

NRAS with 1 can inhibit its downstream signaling pathways involved in NRAS-driven cancers.

2.3 Results
2.3.1 Depalmitoylation of NRAS in NRAS-Driven Melanoma

Based on our group’s initial findings that C8 alkyl cysteine (1) is able to depalmitoylate
membrane-associated proteins in cells?!, we sought to determine if this compound would have
similar effects on the palmitoylation state of mutant NRAS. For these initial tests, we used the
WM3000 human melanoma cell line, which has an activating Q61R mutation in NRAS??33, We
found that 2 hour incubation with increasing concentrations of 1 (Figure 2.1a) resulted in a dose-
dependent decrease in the levels of NRAS(Q61R) palmitoylation in cells, with an ICso of 7 uM,

as determined by acyl-resin assisted capture (acyl-RAC)**?> (Figure 2.1b,c and Figure 2.2a).
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Controls were performed in which WM3000 cells were treated with vehicle or C8 alkyl serine (2),
a structurally similar molecule which is not capable of S-palmitoyl thioester cleavage because it
lacks a nucleophilic thiol (Figure 2.1a)?!. As expected, there was no observable thioester cleavage
under these conditions, indicating that the observed reduction in NRAS palmitoylation is due to
direct cleavage of the NRAS S-palmitoyl group by 1 and not a non-specific effect of 1 (Figure
2.1d,e). As a positive control, cells treated with the non-specific, irreversible palmitoylation
inhibitor 2-BP!11%20 also caused a decrease in NRAS palmitoylation (Figure 2.1d,e). However,
total protein palmitoylation is significantly decreased when treated with 2-BP compared to 1 as
observed by silver staining (Figure 2.2b), which suggests that there is less off-target
depalmitoylation with 1. Additionally, a small panel of known S-palmitoylated proteins were
studied after treatment with 1, 2, or 2-BP to determine if there were significant decreases in protein
palmitoylation levels.?! Compound 1 showed a preference for NRAS over other tested
palmitoylated proteins in this panel. On the other hand, compound 2 did not have observable
effects on the palmitoylation of the various proteins, while 2-BP non-selectively caused an overall
decrease in protein palmitoylation (Figure 2.3a,b). With this information, we confirmed
biochemically that compound 1 is able to depalmitoylate NRAS in NRAS-mutated melanoma cells

through direct nucleophilic cleavage of the S-palmitoyl thioester.
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Figure 2.1 C8 Alkyl Cysteine Causes Depalmitoylation of NRAS in NRAS-Driven Melanoma Cells. (a) Chemical
structures of C8 alkyl cysteine (1) and control compound C8 alkyl serine (2). (b) Western blot detection of NRAS
Q61R in acyl resin-assisted capture fractions of WM3000 melanoma cells after treatment with increasing
concentrations (0-25 uM) of C8 alkyl cysteine (1). Input fractions (IF) contain total cellular protein and bound
fractions (BF) contain only S-palmitoylated proteins. (¢) Western blot lanes were analyzed and quantified using
Imagel. Ratios of BF to IF for each of the treatment conditions were calculated and normalized to the 0 pM control
to determine the amount of S-palmitoylated NRAS in each sample. Results are the mean + s.d. of three independent
experiments (one-way ANOVA). (d) WM3000 melanoma cells were treated with different conditions, including the
untreated control (C), vehicle control (20 pM TCEP in DMSO) (V), 10 uM C8 alkyl serine (2), 10 uM C8 alkyl
cysteine (1), and 10 pM 2-bromopalmitate (2-BP) for 2 hours. (e) Ratios of BF to IF for each of the treatment
conditions were calculated and normalized to vehicle control to determine the amount of S-palmitoylated NRAS in
each sample. Results are the mean + s.d. of three independent experiments (one-way ANOVA).
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Figure 2.2 Depalmitoylation by C8 Alkyl Cysteine in NRAS-Driven Melanoma Cells. (a) Western blot analysis of
WM3000 NRAS-mutated melanoma cells after treatment with increasing concentrations (0-25 pM) of C8 alkyl
cysteine (1) from Figure 1c. Nonlinear regression (curve fit) with variable slopes was used to determine ICso. Results
are the mean + SEM of three independent experiments. (b) Silver staining of S-palmitoylated proteins in WM3000
NRAS-mutated melanoma. Treatment conditions include the untreated control (C), vehicle control (20 uM TCEP in
DMSO) (V), 10 uM 2-bromopalmitate (2-BP), 10 uM C8 alkyl cysteine (1), and 10 puM C8 alkyl serine (2). All
samples were from the acyl resin-assisted capture (acyl-RAC) bound fractions (BF) that contain only S-palmitoylated
proteins from Figure 1d.
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Figure 2.3 Depalmitoylation of Proteins in NRAS-Driven Melanoma Cells. (a) Western blot detection of
palmitoylated proteins in acyl resin-assisted capture fractions of WM3000 melanoma cells after 2-hour treatment with
vehicle (20 uM TCEP in DMSO), 10 uM C8 alkyl cysteine (1), 10 uM CS8 alkyl serine (2), or 10 uM 2-bromopalmitate
(2-BP). Input fractions (IF) contain total cellular protein and bound fractions (BF) contain only S-palmitoylated
proteins. (b) Western blot lanes were analyzed and quantified using ImagelJ. Ratios of BF to IF for each treatment
condition were calculated and normalized to vehicle to determine the amount of the S-palmitoylated proteins in each

sample.
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2.3.2 Delocalization of NRAS from the Plasma Membrane

To understand the biological effects of compound 1 on NRAS after depalmitoylation, we
investigated the change in subcellular localization that occurred after treatment using fluorescence
microscopy. Previous studies have shown that S-palmitoylation is required for NRAS anchorage

2627 Duye to their ease of transfection and clear localization of RAS to the

to the plasma membrane
plasma membrane, we chose to use HeLa S3 cells as a model to visualize changes in NRAS
localization. HeLa S3 cells stably expressing enhanced green fluorescent protein (EGFP)-tagged
NRAS were treated with 20 uM of 1. We observed the delocalization of EGFP-NRAS from the
plasma membrane within 30 minutes of treatment with 1 (Figure 2.4a,b), whereas there was no
change in localization after treatment with the control 2 (Figure 2.4¢,d). We also treated cells with
20 uM of 2-BP, which was expected to non-specifically inhibit palmitoylation. Although the
results showed a partial delocalization of the EGFP-NRAS from the plasma membrane, there was
no observation of an increase in localization at the Golgi*® (Figure 2.4e,f). This result may be
attributed to the fact that 2-BP irreversibly inhibits palmitoylation and targets multiple other
metabolic enzymes?’. Additionally, 2-BP would not remove already palmitoylated NRAS from the
plasma membrane, but rather it would only inhibit NRAS from being palmitoylated at the Golgi.
This highlights the difference between direct depalmitoylation using 1 and inhibition of

palmitoylation using 2-BP. The localization experiments confirmed that 1 causes NRAS to

delocalize from the plasma membrane after depalmitoylation.
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Figure 2.4 C8 Alkyl Cysteine Causes Rapid Delocalization of NRAS from the Plasma Membrane. (a) EGFP-NRAS
plasmid was stably transfected in HeLa S3 cells and treated with 20 uM CS8 alkyl cysteine (1) for 30 min to visualize
delocalization of NRAS from the plasma membrane. (b) Profile plots of cross sections (blue line) show EGFP-NRAS
delocalization before (0 min) and after (30 min) treatment with 1. (¢) EGFP-NRAS HelLa S3 cells were treated with
20 uM of the control C8 alkyl serine (2) for 30 min. (d) Profile plots of cross sections show EGFP-NRAS
delocalization before (0 min) and after (30 min) treatment with 2. (¢) EGFP-NRAS HelLa S3 cells were treated with
20 uM 2-bromopalmitate (2-BP) for 30 min. (f) Profile plots of cross sections show EGFP-NRAS delocalization
before (0 min) and after (30 min) treatment with 2-BP. NRAS was fused to EGFP (green) and the Golgi apparatus
was stained with BODIPY TR Ceramide (red). Scale bars denote 10 pum.
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2.3.3 Inhibition of RAS Signaling in NRAS-Mutated Melanoma

Since there was an observable decrease in NRAS palmitoylation and a delocalization of
NRAS from the plasma membrane after treatment with 1, we wanted to study the changes that
occur in downstream RAS signaling. It is well known that NRAS activation occurs at the plasma
membrane®. Therefore, it would be expected that NRAS would no longer be able to interact with
its downstream effector proteins if it was not at the membrane. We treated both NRAS-driven and
non-NRAS-driven melanoma cell lines with 1 as well as different controls to assess the differences
in phosphorylated-AKT and phosphorylated-ERK. The phosphorylation of both of these proteins
leads to activation of the oncogenic signaling pathways related to cancer cell growth and survival®.
In the NRAS-driven melanoma cells, there was a dose-dependent decrease in p-AKT and p-ERK
after 2-hour treatment with 1, (Figure 2.5a,b). Single dose studies showed a significant decrease
in p-AKT after 2-hour treatment with 10 pM of 1 compared to that of the untreated control, vehicle
control, and compound 2 (Figure 2.6a,b and Figure 2.7a,c). A decrease in p-ERK after treatment
with 1 was also observed. (Figure 2.6a,c and Figure 2.7¢).

Next, we treated the Sk-Mel-28 BRAF-driven melanoma cell line with the same six
treatment conditions to determine if the effects on downstream phosphorylation were dependent
on NRAS palmitoylation in a non-NRAS-dependent cell line. This particular melanoma cell line
served as a control because it is dependent on mutated BRAF V600E for cancer survival and has
wildtype NRAS3!32) suggesting that NRAS depalmitoylation should not affect its oncogenic
downstream signaling. In the BRAF-mutated melanoma cell line, there was no significant decrease
in either p-AKT or p-ERK after 2-hour treatment with 10 uM of 1, while there was an expected
significant decrease after treatment with 12 nM of the MEK inhibitor binimetinib**-** (Figure 2.6d-

f). The total protein levels of B-actin, AKT, and ERK were similar for all treatment conditions
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(Figure 2.7b,d,f), except for the ERK level in the binimetinib-treated BRAF-mutated melanoma

cells. This particular ERK level was much higher than the rest of the treatments, which could be

due to feedback loop activation when MEK is blocked by binimetinib®3. These results confirmed

that compound 1 causes an inhibition of downstream RAS signaling by the depalmitoylation of

NRAS in an NRAS-dependent cell line compared to a non-NRAS-dependent cell line.
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Figure 2.5 C8 Alkyl Cysteine Inhibits Oncogenic RAS Signaling in NRAS-Mutated Melanoma Cells in a Dose-
Dependent Manner. (a) Western blot of increasing concentrations of C8 alkyl cysteine (1) in the WM3000 melanoma
cell line with the NRAS Q61R mutation. (b) Western blot lanes for p-AKT, p-ERK, Rabl1, AKT, and ERK were
analyzed and quantified using ImageJ. Each dose treatment was normalized to the 0 uM control.

19



a c v 2 1 2-BP  BM d c v 2 1 2-BP BM

p-Akt s AR p-Akt O— ——

p-ERK1/2 : p-ERK1/2 | we -—

ERK1/2 . ERK1/2 | s o — -

l
\

B-actin y - B-actin

b 15 C 3 e

20 f

1.5

1.0 T T

0.5

25
2.0
1.5
1.0
0.5
0.0

1.0

0.5 Hhek

T *

*

Normalized p-Akt levels
—
Normalized p-ERK levels
N
Normalized p-Akt levels
Normalized p-ERK levels
-

0.0 0

c v 2 1 2-BP BM 0.0

C VvV 2 1 2BPBM C VvV 2 1 2BPBM

c v 2 1 2-BP BM

Figure 2.6 C8 Alkyl Cysteine Inhibits Oncogenic RAS Signaling in NRAS-Mutated Melanoma Cells Compared to
BRAF-Mutated Melanoma Cells. (a) Western blot of six different treatment conditions in the WM3000 melanoma
cell line with the NRAS Q61R mutation. Treatment conditions include the untreated control (C), vehicle control (20
uM TCEP in DMSO) (V), 10 uM C8 alkyl serine (2), 10 uM C8 alkyl cysteine (1), 10 uM 2-bromopalmitate (2-BP),
and 12 nM binimetinib (BM). (b,c) Western blot lanes for p-AKT and p-ERK were analyzed and quantified using
ImagelJ. Each treatment condition was normalized to the vehicle control. Results are the mean + s.d. of three
independent experiments. *p < 0.05, **p < 0.005, ***p < 0.0005 (one-way ANOVA). (d) Western blot of the six
different treatment conditions in the Sk-Mel-28 melanoma cell line with the BRAF V600E mutation. (e,f) Western
blot lanes for p-AKT and p-ERK were analyzed and quantified using ImageJ. Each treatment condition was

normalized to the vehicle control. Results are the mean * s.d. of three independent experiments. *p < 0.05 (one-way
ANOVA).
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Figure 2.7 Western Blot Protein Levels in NRAS-Mutated Melanoma vs. BRAF-Mutated Melanoma. Treatment
conditions include the untreated control (C), vehicle control (20 uM TCEP in DMSO) (V), 10 uM C8 alkyl serine (2),
10 uM C8 alkyl cysteine (1), 10 uM 2-bromopalmitate (2-BP), and 12 nM binimetinib (BM). There was no significant
difference in (-actin levels in the (a) WM3000 NRAS-mutated melanoma cells or the (b) Sk-Mel-28 BRAF-mutated
melanoma cells. There was no significant difference in total AKT levels in the (¢) WM3000 NRAS-mutated melanoma
cells or the (d) Sk-Mel-28 BRAF-mutated melanoma cells. There was no significant difference in total ERK levels in
the () WM3000 NRAS-mutated melanoma cells or the (f) Sk-Mel-28 BRAF-mutated melanoma cells, excluding the
MEK inhibitor binimetinib. Western blot lanes for all protein levels were analyzed and quantified using ImageJ. Each
treatment condition was normalized to the vehicle control. Results are the mean + s.d. of three independent

experiments (one-way ANOVA).
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2.3.4 Reduction of Cell Viability in NRAS-Driven Melanoma

High levels of p-AKT and p-ERK are associated with an upregulation of cell growth and
survival pathways in cancer!*°. Since we determined that 1 inhibits oncogenic RAS signaling by
decreasing p-AKT and p-ERK, we wanted to study the direct effects of the depalmitoylating
compound on cell viability. Although our amphiphilic compound is expected to depalmitoylate
multiple membrane-bound proteins?!, we expected that the depalmitoylation of NRAS would have
the most significant effects on cell viability of NRAS-driven cell lines because they are dependent
on NRAS for survival. In order to assess the importance of AMD chemical structure on growth
inhibition activity, both NRAS-dependent and BRAF-dependent melanoma cell lines were treated
with a variety of alkyl cysteine derivatives that had different chain lengths (Figure 2.8 and Figure
2.9). We determined that compound 1 was the most potent inhibitor of NRAS-mutated melanoma
cell viability compared to the other lipid compounds (2-6), which could be due to the appropriate
balance in hydrophobicity and hydrophilicity in the chemical structure and alkyl chain length of 1
(Figure 2.10a). This balance would allow compound 1 to have enough solubility for
transmembrane permeability and amphiphilicity to insert itself into the membrane. Additionally,
1 was more selective for inhibiting NRAS-mutated melanoma viability vs. BRAF-mutated
melanoma viability compared to 4, which was the only other derivative that had an effect on cell
viability of the NRAS-mutated melanoma cell line (Figure 2.10a-c).

Next, the WM3000 and Sk-Mel-2 NRAS-mutated human melanoma cell lines as well as
the control Sk-Mel-28 BRAF-mutated human melanoma cell line were all treated with 1 at
increasing concentrations of 0, 3.125, 6.25, 12.5, 25, and 50 uM for 24 hours. We found that 1 had
over 8-fold more inhibitory activity in NRAS-mutant versus non-NRAS-mutant melanoma cells,

with an inhibitory concentration of 50% (ICso) of 9 uM in the WM3000 NRAS-mutated melanoma
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cell line and 72 uM in the Sk-Mel-28 BRAF-mutated melanoma cell line (Figure 2.11a). There
was similarly high potency in Sk-Mel-2 melanoma cell line, which showed an ICso of 15 pM. The
dose-dependent decrease in cell viability correlated well with the dose-dependent decrease in the
palmitoylation of NRAS (Figure 2.1c and Figure 2.11a). These results support that 1 causes a
reduction in NRAS palmitoylation leading to a decrease in NRAS-mutated melanoma cell
viability.

To determine if the inhibitory effects of compound 1 were mediated by the release of
NRAS from the plasma membrane, a cell viability rescue experiment was conducted using a fusion
construct of NRAS(Q61R) with its C-terminal HVR replaced with the KRAS4b HVR (Figure
2.11b). The KRAS4b HVR anchors RAS to the plasma membrane via a polylysine motif instead
of S-palmitoylation, and its localization is not affected by AMD?!. Furthermore, while NRAS is
dependent on S-palmitoylation for cell growth and survival?®?’, KRAS4b is not'3. The original
WM3000 NRAS(Q61R) melanoma cell line and the generated fusion WM3000 NRAS(Q61R)-
KRAS4bHVR melanoma cell line both were treated with increasing concentrations of 1 for 24
hours. The ICso of 1 was 9 uM in the WM3000 NRAS-mutated melanoma cell line and 16 pM in
the stable WM3000 NRAS(Q61R)-KRAS4bHVR melanoma cell line (Figure 2.11c). Almost
twice the concentration of 1 was necessary to have a similar decrease in cell viability in the NRAS-
KRAS4bHVR cell line compared to the original NRAS-mutated melanoma cell line. It is possible
that since the NRAS-KRAS4bHVR cell line still has endogenous NRAS(Q61R) mutant protein,
there could be a threshold at which the NRAS-KRAS4bHVR fusion protein is unable to
completely rescue cell viability if endogenous NRAS(Q61R) mutant protein is targeted by 1.
However, these results support that the reduction in cell viability is mediated by the

depalmitoylation and release of NRAS from the plasma membrane.
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Figure 2.8 Chemical Structures of Alkyl Cysteine Derivatives and Controls. Ho2N-L-Cys-Oct (1), H2N-L-Ser-Oct (2),
H>N-L-Cys-But (3), HoN-L-Cys-Dodec (4), HoN-L-Cys-Hexad (5), and N-Ac-L-Cys-Oct (6).
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Figure 2.9 HPLC/ELSD Spectrum. (a) H2N-L-Cys-Oct (1), (b) HaN-L-Ser-Oct (2), (¢) H2N-L-Cys-But (3), (d) H2N-
L-Cys-Dodec (4), (e) H2N-L-Cys-Hexadec (5), (f) N-Ac-L-Cys-Oct (6). Retention times (tr) were verified by mass
spectrometry.
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Figure 2.10 Cell Viability of Melanoma Cell Lines Treated with Alkyl Cysteine Derivatives and Controls. (a)
WM3000 NRAS-mutated melanoma cells treated with six different compounds including C8 alkyl cysteine (1), C8
alkyl serine (2), C4 alkyl cysteine (3), C12 alkyl cysteine (4), C16 alkyl cysteine (5), and C8 acylated amine (6). (b)
The control Sk-Mel-28 BRAF-mutated melanoma cells treated with two of the compounds (1 and 4) that had effects
on the WM3000 melanoma cell line. (¢) Comparison of treatment with 10 uM of either 1 or 4 between the WM3000
NRAS-mutated melanoma cell line and Sk-Mel-28 BRAF-mutated melanoma cell line from (a) and (b). Results are
the mean + s.d. of three experiments. ****p <0.0001 (two-way ANOVA, multiple comparisons).
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Figure 2.11 C8 Alkyl Cysteine Preferentially Reduces Cell Viability in NRAS-Driven versus BRAF-Driven
Melanoma. (a) A WST-1 assay was used to assess the cell viability of NRAS-mutated melanoma cell lines (WM3000
and Sk-Mel-2) vs. a BRAF-mutated melanoma cell line (Sk-Mel-28) after 24-hour incubation with increasing
concentrations of C8 alkyl cysteine. Results are the mean + s.d. of three independent experiments. Each row
(concentration) was analyzed individually, without assuming a consistent SD. **p < 0.01, ***p < 0.001 (multiple t-
tests). (b) The last 24 amino acids of the hypervariable region (HVR) of NRAS and KRAS4b are marked in red. The
final protein construct of the NRAS-KRAS4bHVR fusion that was used for experimentation is at the bottom. (¢) A
WST-1 assay was used to assess the cell viability of the original WM3000 NRAS-mutated melanoma cell line and the
WM3000 NRAS-mutated melanoma cell line with KRAS4b HVR replacing the original NRAS C-terminal HVR.
Both cell lines were treated with increasing concentrations of C8 alkyl cysteine for 24 hours. Results are the mean +
s.d. of three independent experiments. Each row (concentration) was analyzed individually, without assuming a
consistent SD. ***p <0.001 (multiple t-tests).
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2.3.5 Apoptosis Induction in NRAS-Driven Melanoma Tumors

Having demonstrated the inhibitory effect of NRAS depalmitoylation in vitro, we sought
to explore the activity of 1 in melanoma xenograft mouse models. Mice implanted with either
WM3000 (NRAS-mutant) or Sk-Mel-28 (BRAF-mutant) melanoma cells were intratumorally
injected with either 50 mg/kg compound 1 or vehicle control (Figure 2.12a).

To evaluate tumor cell survival, apoptosis, and p-ERK activity, consecutive tumor sections
were stained for Ki-67, cleaved-caspase-3 (CC3), and p-ERK 24-hours after treatment. The Ki-67
nuclear antigen is highly expressed in cells undergoing active phases of the cell cycle (G1, S, G2,
and M) but is absent in the GO phase when the cells are in a quiescent state*®. Hence, the expression
of Ki-67 is strongly correlated with cell proliferation. We observed a decrease in Ki-67 in the
NRAS tumors treated with compound 1 compared to vehicle control, while the BRAF tumors
treated with 1 and vehicle control exhibited similar levels of Ki-67 staining (Figure 2.12b).

Intratumoral injection of compound 1 in NRAS-mutated tumors showed strong staining for
CC3 activity, which is a common and reliable marker to assess apoptosis in various tissues*¢-7,
compared to vehicle control, and minimal CC3 activity was observed in BRAF-mutated tumors.
This confirmed that compound 1 was capable of inducing programmed cell death in NRAS, but
not BRAF-mutated tumors (Figure 2.12b).

Finally, to determine if intratumoral injection of compound 1 can downregulate RAS
signaling in NRAS tumors, tissue sections were stained for p-ERK activity. We observed p-ERK
staining in the BRAF-mutated tumors treated with 1 as well as vehicle controls of both the BRAF
and NRAS-mutated tumors, but there was much less p-ERK staining in the NRAS-mutated tumors
treated with 1 (Figure 2.12b). These results were in line with our in vitro data showing a

downregulation of the RAS signaling pathway in an NRAS-mutated melanoma cell line upon
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treatment with 1 (Figure 2.6a-c). Together, these studies demonstrated that compound 1 was able
to achieve tumor cell killing and downregulate p-ERK signaling in NRAS-driven melanoma

tumors, but not in BRAF-driven melanoma tumors.
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Figure 2.12 C8 Alkyl Cysteine Reduces Proliferation and Induces Apoptosis in NRAS-Driven versus BRAF-Driven
Melanoma Tumors. (a) Schematic and timeline of in vivo subcutaneous melanoma xenograft implantation and
intratumoral (IT) treatments. (b) Histology was performed for BRAF-mutated melanoma tumors (Sk-Mel-28) and
NRAS-mutated melanoma tumors (WM3000) for both vehicle control (123.51 mg/kg TCEP in saline) and C8 alkyl
cysteine (1) treatment groups. Consecutive tissue sections were stained with hematoxylin and eosin (H&E) for tumor
cell morphology, anti-Ki-67 for cell proliferation, anti-cleaved caspase-3 (CC3) for cell apoptosis, and anti-
phosphorylation of ERK (p-ERK) for RAS signaling.
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2.3.6 Tumor Growth Decrease in NRAS Melanoma Xenografts

After confirming the ability of compound 1 to induce cell death in the NRAS-mutated
melanoma tumors, we proceeded to examine the effectiveness of treatment with 1 in the NRAS-
mutant tumor bearing mice by intraperitoneal (IP) administration. The xenograft mice were
randomized into either compound 1 (20 mg/kg) or vehicle control (49.40 mg/kg) treatment groups
for a 7-day study (Figure 2.13a). Daily treatment with 1 resulted in a significant decrease in tumor
growth compared to the vehicle control cohort (Figure 2.13b). Importantly, the body weight of the
animals did not change over the course of treatment, suggesting that compound 1 was well
tolerated at this treatment regimen (Figure 2.13c¢).

Drug-induced hepatotoxicity is a frequent cause of liver injury with the use of many cancer
therapies®®. To determine if 1 caused liver toxicity in the xenograft mice, alanine aminotransferase
(ALT) enzyme was measured from the serum. ALT is found mainly in the liver and kidney, and
normally at low levels in the blood. However, when the liver is damaged ALT is released resulting
in high levels in the bloodstream. ALT levels after IP treatment were approximately 60 mU/mL
for 1 and 90 mU/ml for vehicle control (Figure 2.13d). These levels were not significantly different
from one another and within the normal range for mice, which is between 26126 U/L*. This

strongly suggested that compound 1 did not induce liver toxicity in the mice.
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Figure 2.13 C8 Alkyl Cysteine Causes a Decrease in Tumor Growth in NRAS-Mutated Melanoma Xenograft Mice.
(a) Schematic and timeline of in vivo melanoma xenograft intraperitoneal (IP) treatments. (b) WM3000 NRAS-
mutated human melanoma xenograft mice were IP injected with either 20 mg/kg/day of 1 or 49.40 mg/kg/day (2 molar
equivalents) of vehicle control. Tumor volume was measured every other day for one week for both treatment groups.
Results are the mean = SEM with n = 6. *p < 0.05 (unpaired, two-tailed Student’s ¢ test). (¢) Animal weight was
measured every other day for the duration of the IP treatments. (d) Liver toxicity was analyzed by assessing the alanine
aminotransferase (ALT) activity in the blood samples of the xenograft mice in both treatment groups. The conditions
included 49.40 mg/kg/day of vehicle control, 20 mg/kg/day of C8 alkyl cysteine (1), ALT enzyme assay positive
control (+), and untreated mouse negative control (-).
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2.4 Discussion

NRAS GTPase has been deemed as an undruggable protein because of the challenging
nature of targeting its shallow binding pockets. Directly targeting the S-palmitoylation
modification on the C-terminal HVR of NRAS using a chemoselective approach can be applied as
a unique inhibition strategy. It has been well documented through in vitro and in vivo studies that

NRAS palmitoylation is required for its cancer signaling activity?%2’

. Taking this into account, our
depalmitoylation strategy can be used to target NRAS palmitoylation and inhibit its oncogenic
signaling capabilities in the context of NRAS-driven cancers.

We have determined that our depalmitoylating compound, C8 alkyl cysteine (1), causes
delocalization of NRAS from the plasma membrane by the mechanism of depalmitoylation.
Additionally, 1 inhibits downstream signaling associated with cancer cell growth and survival
pathways in NRAS-mutated melanoma cells (Figure 2.14). Specifically, it causes a decrease in p-
AKT and p-ERK in an NRAS-driven cell line but not in a BRAF-driven cell line that is not
dependent on NRAS signaling. Accordingly, 1 causes an inhibitory effect on cell viability in
multiple NRAS-mutated melanoma cell lines, which is rescued by addition of an NRAS mutant
with its HVR replaced with the non-palmitoylated HVR of KRAS4b. However, it is important to
note that there is not a complete rescue in cell viability of the NRAS-KRAS4bHVR cell line. A
possible explanation for this result is that there is still endogenous mutant NRAS that is
depalmitoylated by 1, which may contribute to the partial rescuing capability of the NRAS-
KRAS4bHVR fusion protein up until a certain concentration. In a xenograft mouse model, tumor
histology confirmed that 1 was able to induce apoptosis after intratumoral injection in NRAS-

mutated melanoma tumors, but not BRAF-mutated melanoma tumors. We were also able to detect

a downregulation of p-ERK signaling in the NRAS-dependent melanoma tumors with direct
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intratumoral injection. Furthermore, we observed a significant decrease in tumor growth in NRAS-
mutated melanoma xenograft mice treated with 1 compared to the vehicle control, with no
detectable liver toxicity. Taken together, these results indicate that compound 1 can inhibit NRAS
function in vitro and in vivo.

This unique depalmitoylation approach overcomes the issues associated with designing
small molecules to bind the active site of NRAS and provides a direct method to inhibit its function
by targeting the S-palmitoylation post-translational modification. A depalmitoylation-based
strategy has the potential to be transformative for the treatment of melanoma as well as other
cancers with high rates of NRAS-mutations, such as leukemias and lymphomas. Our ongoing work
includes enhancing the selectivity of the amphiphile-mediated depalmitoylating compounds. We
plan to use appropriate large-scale capture techniques and proteomic methods for analyzing the
palmitoylated proteins that are targeted by these compounds**#!. In addition, we plan to explore
the direct relationship between NRAS palmitoylation and total Ras-GTP levels in future

studies*?*

. With further optimization of the selectivity and pharmacokinetics, amphiphile-
mediated depalmitoylation could become a strategy to uncover novel lead compounds that can be

adapted to generate inhibitors of several other S-palmitoylated drug targets across a wide range of

disease indications.
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Figure 2.14 Schematic Representation of NRAS Depalmitoylation and Downstream Inhibition by C8 Alkyl Cysteine.
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2.5 Materials and Methods

2.5.1 Cell Culture

The WM3000 (NRAS Q61R mutation) and WM2013 (NRAS Q61K mutation) melanoma cell
lines were purchased from Rockland Immunochemicals and cultured in Tumor Specialization
Media according to the melanoma cell culture protocol. The Tumor Specialization Media was
prepared in the laboratory by mixing 400 mL of MCDB 153 (Sigma-Aldrich), 100 mL of
Leibovitz’s L-15 (Life Technologies), 10 mL of heat-inactivated FBS (Omega Scientific), and 0.42
mL of CaCl,. The Sk-Mel-2 (NRAS Q61K mutation) melanoma cell line was purchased from
ATCC and cultured in EMEM with 10% FBS. The Sk-Mel-28 (BRAF V600E mutation) melanoma
cell line was generously provided by Dr. Silvio Gutkind at the UCSD Moores Cancer Center and
cultured in EMEM with 10% FBS. HeLa S3 cells were obtained from ATCC. Cells were
maintained in DMEM supplemented with 10% fetal bovine serum (FBS) at 37 °C, 5% CO,. The
DMEM growth media was purchased from Life Technologies, and the EMEM growth media was
purchased from Thermo Fisher Scientific.

2.5.2 Plasmid Construction and Cloning

Hs.NRAS was a gift from Dominic Esposito (Addgene plasmid # 83173) and mEGFP-C1 was a
gift from Michael Davidson (Addgene plasmid # 54759). The primers 5’-CTT-CGA-ATT-CTG-
CAG-TCG-ACA-TGC-CAA-CTT-TGT-ACA-AAA-AAG-3> (NRAS-fwd) and 5’-GAT-CCC-
GGG-CCC-GCG-GTA-CCT-TAC-ATC-ACC-ACA-CAT-GG-3> (NRAS-rev) were used for
PCR amplification of the NRAS insert and the primers 5’-CTT-TTT-TGT-ACA-AAG-TTG-
GCA-TGT-CGA-CTG-CAG-AAT-TCG-AAG-3> (mEGFP-Cl-fwd) and 5’-CCA-TGT-GTG-
GTG-ATG-TAA-GGT-ACC-GCG-GGC-CCG-GGA-TC-3’ (mEGFP-Cl1-rev) were used for PCR

amplification of the mEGFP-C1 vector, which were ligated using Gibson assembly (New England
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Biolabs), and cloned in DH5a competent E. coli cells to produce the final EGFP-NRAS plasmid.
The final construct was sequenced by Eton Bioscience to verify its identity, and the SnapGene
software was used for sequence alignment. The final plasmid used for transfection was prepared
using a plasmid maxiprep kit (EZgene).

pCMV(CAT)T7-SB100 was a gift from Zsuzsanna Izsvak (Addgene plasmid # 34879)*. pSBbi-
Pur was a gift from Eric Kowarz (Addgene plasmid # 60523)*. pSBbi-Pur-EGFP-NRAS was
constructed using NEBuilder HiFi Assembly (New England Biolabs). The vector pSBbi-Pur was
linearized using Sfil and inserts were prepared by PCR amplification of EGFP-NRAS with the
following primers: 5’-CTA-CCC-CAA-GCT-GGC-CTC-TGA-GGC-CAT-GGT-GAG-CAA-
GGG-CGA-G-3* (EGFP-NRAS-fwd) and 5’-ATC-CCC-AAG-CTT-GGC-CTG-ACA-GGC-
CTT-ACA-TCA-CCA-CAC-ATG-GCA-ATC-3" (EGFP-NRAS-rev). The final construct was
sequenced by Eton Bioscience to verify its identity, and the SnapGene software was used for
sequence alignment. The final plasmid used for transfection was prepared using a plasmid
maxiprep kit (EZgene).

pSBbi-RP was a gift from Eric Kowarz (Addgene plasmid # 60513)*. The primers 5’-AGC-TGG-
CCT-CTG-AGG-CCA-CCA-TGC-CAA-CTT-TGT-ACA-A-3> (NRAS-Q61R-forward) and 5°-
AGC-TTG-GCC-TGA-CAG-GCC-ATT-ACA-TAA-TTA-CAC-ACT-TTG-TCT-T-3> (NRAS-
Q61R-reverse), which include the Sfil restriction site, were used for PCR amplification of the
NRAS(Q61R)-KRAS4bHVR insert out of a previously created lentiviral transfer plasmid
(Supplementary Figure 8). Restriction enzyme digest with Sfil was done for the NRAS(Q61R)-
KRAS4bHVR insert and the pSBbi-RP vector. The two samples — insert and vector — were run on
an 0.8% agarose gel and extracted using the QIAquick Gel Extraction Kit (Qiagen). The

NRAS(Q61R)-KRAS4bHVR insert and pSBbi-RP vector were ligated using the T4 DNA Ligase
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ligation protocol and transformed into NEB stable DH5a competent E. coli cells. The final
construct was sequenced by Eton Bioscience to verify its identity, and the SnapGene software was
used for sequence alignment.

2.5.3 Generation of Stable Cell Lines

HeLa S3 cells stably expressing EGFP-NRAS were established using the Sleeping Beauty
transposon system with the improved transposase SB100X***. HeLa S3 cells grown in a 6-well
plate were transfected with pSBbi-Pur-EGFP-NRAS and pCMV(CAT)T7-SB100 at a 20:1 ratio
[1.5 png total DNA/well] using Lipofectamine 2000 reagent (Thermo Fisher Scientific) [3 uL/well]
according to the manufacturer’s protocol. 2 days after transfection, cells were expanded into 6 cm
plates with selection media (DMEM; 10% FBS; 2 ng/mL puromycin). Cells were passaged under
selection conditions for 2 weeks before experimental use.

A stable transgenic melanoma cell line with the NRAS(Q61R)-KRAS4bHVR was generated using
the Sleeping Beauty transposons system***. The final NRAS(Q61R)-KRAS4bHVR construct was
co-transfected with low amounts of the transposase SB100X into the WM3000 human melanoma
cell line on 6-well plates using Lipofectamine 2000 reagent (Thermo Fisher Scientific) according
to the manufacturer’s protocol in Opti-MEM reduced serum medium (Life Technologies). After 2
days, the transfected cells in each well were split onto new 6-well plates for selection with ranging
concentrations of puromycin (0 pg/mL, 0.5 pg/mL, 1 pg/mL, and 2 pg/mL) to determine the
puromycin kill curve and only select for melanoma cells that were stably transfected with the
Sleeping Beauty NRAS(Q61R)-KRAS4bHVR construct.

2.5.4 Live-Cell Imaging of Stable HeLa S3 Cells

HeLa S3 cells stably expressing EGFP-NRAS were plated at 80,000 cells/well in an 8-well Lab-

Tek II chamber slide (Thermo Fisher Scientific) and allowed to adhere overnight. The media was
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exchanged for Opti-MEM reduced serum medium (Life Technologies) before live-cell imaging
with different treatment conditions. 100 mM stock solutions of compounds 1 and 2 were prepared
by dissolving the solid compounds in DMSO containing 200 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) as a preservative. 100 mM stock solutions of 2-BP was prepared by
dissolving the solid compound in DMSO. From these stocks, solutions of 40 uM 1 or 2 (with 80
uM TCEP) or 40 uM 2-BP were prepared in Opti-MEM media. The diluted solutions were added
to the indicated final concentration in Opti-MEM within individual wells of the chamber slide right
before imaging. The cells were imaged while maintaining 37 °C, 5% CO; in the incubation
chamber.

2.5.5 Microscopy

Imaging was performed on an Axio Observer Z1 inverted microscope (Carl Zeiss Microscopy
Gmb, Germany) with Yokogawa CSU-X1 spinning disk confocal unit using a 63x, 1.4 NA oil
immersion or 20x, 0.8 NA objective to an ORCA-Flash4.0 V2 Digital CMOS camera (Hamamatsu,
Japan). For live cell imaging, an incubation chamber with temperature and CO: controllers
(Okolab Incubation System, H301-K-FRAME stage top chamber) was utilized. Fluorophores were
excited with diode lasers (488 nm; 561 nm). Images were acquired using Zen Blue software (Carl
Zeiss) and processed using Image J.

2.5.6 S-palmitoylation Acyl-RAC Assay

WM3000 melanoma cells were plated at 2,450,000 cells/dish in 10 cm tissue culture dishes
(Genesee Scientific) and allowed to adhere overnight. 100 mM stock solutions of compounds 1
and 2 were prepared by dissolving the solid compounds in DMSO containing 200 mM TCEP as a
preservative. 100 mM stock solution of vehicle control was prepared by dissolving TCEP in

DMSO. 100 mM stock solution of 2-BP was prepared by dissolving the solid compound in DMSO.
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From these stocks, solutions of 10 uM 1 or 2 (with 20 uM TCEP), 20 uM vehicle/TCEP, or 10
uM 2-BP were diluted in 6.13 mL of Opti-MEM media and added to the cells. Cells were then
incubated at 37 °C for 2 hours, media was removed, and cells were washed with 1 mL of HBSS.
Cells were detached using a cell scraper after the combined thiol blocking and cell lysis steps of
the CAPTUREome S-Palmitoylated Protein Kit (Badrilla, UK) according to the manufacturer’s
protocol. Input fractions (IF) that consisted of the total proteins and bound fractions (BF) that
consisted of the resin-captured S-palmitoylated proteins were ran on a 4-20% SDS-PAGE gel. All
of the IF and BF samples were analyzed using western blotting, following the immunoblot protocol
below, using the anti-NRAS primary antibody (ab227658) (Abcam). Western blot lanes were
analyzed and quantified using ImagelJ. Ratios of BF to IF for each of the treatment conditions were
calculated and normalized to the control to determine the amount of S-palmitoylated NRAS in
each sample. Additionally, BF samples were analyzed using silver staining, following the
manufacturer’s protocol (Thermo Fisher Scientific).

2.5.7 Western Blots

Cell lysates were prepared from confluent WM3000 and Sk-Mel-28 melanoma cell lines that were
treated with six different conditions in Opti-MEM media for 2 hours. Stock solutions of
compounds were prepared in DMSO at a concentration of 100 mM as before and diluted to the
final concentrations. 10 mM stock solution of binimetinib (BM) was prepared by dissolving the
solid compound in DMSO, and a final solution of 12 nM concentration (ICso of BM*®) was diluted
in Opti-MEM media before adding to the cells. After a 2-hour incubation, cells were washed with
1X HBSS and lysed using 0.6 mL of complete RIPA per subconfluent monolayer on a 100 mm
cell culture dish. Immediately prior to lysing the cells, 10 pnL PMSF solution, 10 pL sodium

orthovanadate solution, and 10 pL protease inhibitor cocktail solution per mL of 1X RIPA Lysis
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buffer were combined to prepare complete RIPA solution (Santa Cruz Biotechnology). The dishes
were placed on a shaker for 10 minutes at room temperature. The cell lysates were scraped off the
dishes using cell scrapers and pipetted into separate Eppendorf tubes. The tubes were centrifuged
at 14,000 rpm for 10 minutes at 4°C. The supernatant was transferred into new tubes and placed
on ice. The reducing agent compatible BCA protein assay kit (Thermo Fisher Scientific) was used
to measure protein concentration. Total protein in 1X Laemmli buffer with 10% 2-mercaptoethanol
was separated by SDS/PAGE on a 4-20% gradient precast acrylamide gel for 30 minutes at 200
V, transferred to a PVDF membrane for 1 hour at 100 V, and blocked for 1 hour in 5% BSA.
Membranes were incubated overnight at 4°C with primary antibodies. Horseradish peroxidase-
conjugated anti-rabbit IgG (Cell Signaling) or anti-mouse IgG (Sigma) were used as secondary
antibodies, and membranes were developed using enhanced chemiluminescence (Thermo Fisher
Scientific). B-Actin (3700), p-AKT (4060), AKT (4691), p-ERK (4370), ERK (4695), Calnexin
(2433), Flotillin-1 (3253), Flotillin-2 (3436), SNAP25 (5308), Ga(i) (5290), and Lyric/Metadherin
(14065) primary antibodies were purchased from Cell Signaling Technology. Western blot lanes
were analyzed using ImageJ software and normalized to the vehicle/TCEP control.

2.5.8 Cell Viability Assay

The melanoma cell lines were plated at 10,000 cells per well on 96-well plates in Opti-MEM
medium. Stock solutions of compounds were prepared in DMSO as before at a concentration of
100 mM and diluted to the final concentrations. The cells were treated with different
concentrations of compounds the following day and incubated for 24 hours. Cell viability was
assessed using the WST-1 cell proliferation reagent (Sigma-Aldrich) following the manufacturer’s
instructions. After incubation for 1 hour with the WST-1 reagent, absorbance was measured at 450

nm using a plate reader.
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2.5.9 Animal Model

All animal experiments performed in this study were approved and compliant with ethical
regulations provided by the University of California San Diego Institutional Animal Care and Use
Committee (IACUC). Six-week-old female Nu/Nu nude mice (088) purchased from Charles River
Laboratories were given ad lib access to food and water. For subcutaneous implantation, 1 x 10°
WM3000 or Sk-Mel-28 cells were spun down and resuspended in 50 ul of 1X PBS plus 50 ul of
Matrigel [Mediatech Inc. (Corning)] and kept on ice until ready to use. Cells were implanted
subcutaneously into the right flank of anesthetized mice using a 1 cc syringe. Tumor growth was
monitored weekly until palpable, at which point a caliper was used and tumor volume was
calculated by using the formula V = 1/2(Length x Width?). For intratumoral injection (n=2),
animals were anesthetized with ketamine:xylazine cocktail (17.5 mg/ml ketamine:2.5 mg/ml
xylazine, at 0.1 ml/20 g body weight IP) and injected with 50 mg/kg compound 1 (mixed with 2
molar equivalents of TCEP) or with 123.51 mg/kg vehicle/TCEP control (2 molar equivalents) at
0.1 ml/10 g body weight. A volume of 20 puL was injected directly into the tumor in one-minute
increments around the whole tumor. For intraperitoneal (IP) treatment, 20 mg/kg compound 1
(mixed with 2 molar equivalents of TCEP) or 49.40 mg/kg vehicle/TCEP control was administered
daily for seven days. All compounds were reconstituted in sterile saline solution.

2.5.10 Histology and Immunohistochemistry

Tumors were resected and placed in 10 % formalin for 24 hours, then transferred to 70 % ethanol,
paraffin-embedded and sectioned (4 um thick). All slides were baked at 60 °C for 1 hour to
deparaffinized. Once cool, slides were rehydrated through successive alcohols (Xylene 3min,
100% EtOH 3 min (2X), 95% EtOH 3min (2X), 70% EtOH 3 min (2X), diH>O). Slides were then

stained with hematoxylin and eosin (H & E). For immunohistochemistry, slides underwent antigen
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retrieval by boiling in sodium citrate buffer pH 6.0 for 15 minutes and cooled at room temperature
for 3040 minutes. Pap pen was drawn around the tissue and blocked with 3% H>O; in background
punisher (Biocare, cat # BP974) for 10 min, then washed 5 min (2X) in 1X TBST. Slides were
protein blocked again with background punisher for another 10 min. Slides were then incubated
with cleaved caspase-3 primary antibody (rabbit, Cell Signaling, cat # 9661L, 1:1000), p-ERK
primary antibody (rabbit, Cell Signaling cat # 4370, 1:400) in 2.5 % normal horse serum (Vector
Labs cat # S-2012), or one drop of Ki67 primary antibody (rabbit, Diagnostic Biosystems, part #
RMPDO004) at room temperature for 1 hour. Slides were then washed in 1X TBST for 5 min (2X),
incubated with anti-rabbit HRP polymer secondary antibody (Biocare, cat # RMR622) for 30 min
at room temperature, washed in 1X TBST for 5 min (2X), developed with DAB (Vector
Laboratories, cat # SK-4105) for 5 min, and then washed in ice cold diH>O to stop the reaction.
Slides were then dehydrated [50% EtOH, 70% EtOH 3 min (2X), 95% EtOH 3 min (2X), 100%
EtOH 3 min (2X), xylene 3 min (2X)] and mount in permount mounting medium (Fisher Scientific,
part # SP15500).

2.5.11 Alanine Aminotransferase (ALT) Activity

Serum samples were collected at the end of the study and assayed for ALT levels using the Alanine
Aminotransferase Activity Assay Kit according to manufacturer protocol (Sigma-Aldrich, Cat #

MAKO052).

2.6 Synthesis of Alkyl Reagents
2.6.1 General Considerations for Synthesis
Commercially available N-Boc-L-Cys(Trt)-OH, N-Ac-L-Cys(Trt)-OH, N-Boc-L-Cys-OH, N-Boc-

L-Ser('Bu)-OH, O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-phosphate
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(HATU), N,N-diisopropylethylamine (DIEA), butylamine, octylamine, dodecylamine,
hexadecylamine, bromomethylacetate, sodium hydride (NaH), N,N-dimethylformamide (DMF),
trifluoroacetic acid (TFA), triethylsilane (TES) and tris(2-carboxyethyl)phosphine hydrochloride
(TCEP.HCI) were obtained from Sigma-Aldrich. Deuterated chloroform (CDCIls) and methanol
(CD30OD) were obtained from Cambridge Isotope Laboratories. All reagents obtained from
commercial suppliers were used without further purification unless otherwise noted. Analytical
thin-layer chromatography was performed on E. Merck silica gel 60 Fazs4 plates. Compounds,
which were not UV active, were visualized by dipping the plates in a ninhydrin or potassium
permanganate solution and heating. Silica gel flash chromatography was performed using E.
Merck silica gel (type 60SDS, 230—400 mesh). Solvent mixtures for chromatography are reported
as v/v ratios. HPLC analysis was carried out on an Eclipse Plus C8 analytical column with Phase
A/Phase B gradients [Phase A: H,O with 0.1% formic acid; Phase B: MeOH with 0.1% formic
acid]. HPLC purification was carried out on Zorbax SB-C18 semipreparative column with Phase
A/Phase B gradients [Phase A: H,O with 0.1% formic acid; Phase B: MeOH with 0.1% formic
acid]. Proton nuclear magnetic resonance (‘H NMR) spectra were recorded on a Varian VX-500
MHz or Jeol Delta ECA-500 MHz spectrometers, and were referenced relative to residual proton
resonances in CDCls (at 8 7.24 ppm) or CD30D (at 8 4.87 or 3.31 ppm). 'H NMR splitting patterns
are assigned as singlet (s), doublet (d), triplet (t), quartet (q) or pentuplet (p). All first-order splitting
patterns were designated on the basis of the appearance of the multiplet. Splitting patterns that
could not be readily interpreted are designated as multiplet (m) or broad (br). Carbon nuclear
magnetic resonance (13C NMR) spectra were recorded on a Varian VX-500 MHz or Jeol Delta

ECA-500 MHz spectrometers, and were referenced relative to residual proton resonances in CDCl3
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(at 6 77.23 ppm) or CD30D (at 6 49.15 ppm). Electrospray lonization-Time of Flight (ESI-TOF)

spectra were obtained on an Agilent 6230 Accurate-Mass TOFMS mass spectrometer.
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Scheme 2.1 Synthesis of Alkyl Cysteine Derivatives. (a) Synthesis of HoN-L-Cys-But (3), H2N-L-Cys-Oct (1), H2N-
L-Cys-Dodec (4) and H2N-L-Cys-Hexadec (5). (b) Synthesis N-Ac-L-Cys-Oct (6). (¢) Synthesis of HoN-L-Ser-Oct
(2). [ButA: butylamine, OctA: octylamine, DodecA: dodecylamine, HexadecA: hexadecylamine].
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2.6.2 Synthesis of H2N-L-Cys-Oct (1)

HoN-L-Ser-Oct (2) was synthesized as before?!.

2.6.3 Synthesis of H,N-L-Ser-Oct (2)

HoN-L-Cys-Oct (1) was synthesized as before?!.

2.6.4 Synthesis of N-Boc-L-Cys(Trt)-But.

A solution of N-Boc-L-Cys(Trt)-OH (125.0 mg, 269.6 umol) in CH2Cl> (2.5 mL) was stirred at 0
°C for 10 min, and then HATU (112.8 mg, 296.6 umol) and DIEA (187.9 uL, 1.08 mmol) were
successively added. After 10 min stirring at 0 °C, butylamine (26.7 pL, 269.6 umol) was added.
After 1 h stirring at rt, the reaction mixture was washed with HC1(5%) (3 * 1 mL) and NaHCO3(sat)
(3 x 1 mL). The organic layer was dried (Na2SOs), filtered and concentrated, providing a yellow
oil, which was purified by flash chromatography
(0—4% MeOH in CHCl), affording 136.8 mg of N-Boc-L-Cys(Trt)-But as a white solid [98%,
Rr= 0.21 (1% MeOH in CH>Cl,)]. 'H NMR (CDCls, 500.13 MHz, 8): 7.42 (dd, J; = 8.4 Hz,
J>=1.4 Hz, 6H, 6 x CHa,), 7.29 (dd, J; = 8.5 Hz, J> = 6.8 Hz, 6H, 6 x CHa), 7.24-7.19 (m, 3H,
3 x CHay), 598 (t, J = 6.0 Hz, 1H, 1 x NH), 4.96-4.70 (m, 1H, 1 x NH), 4.00-3.68 (m, 1H,
1 x CH), 3.28-3.08 (m, 2H, 1 x CH>), 2.78-2.64 (m, 1H, 0.5 x CH»), 2.56-2.42 (m, 1H, 0.5 %
CH2), 1.46-1.42 (m, 2H, 1 x CH2), 1.41 (s, 9H, 3 x CHz3), 1.35-1.22 (m, 2H, 1 x CH>»), 0.88 (t,
J=17.3Hz, 3H, 1 x CH3). *C NMR (CDCl;, 125.77 MHz, 8): 170.4, 155.5, 144.5, 129.7, 128.2,
127.0, 80.3, 67.3, 53.7, 39.3, 38.8, 31.5, 28.4, 20.1, 13.8. MS (ESI-TOF) [m/z (%)]: 541
(M +Na]*, 100).

2.6.5 Synthesis of H;N-L-Cys-But U H,N-L-Cys-But (3°).*

A solution of N-Boc-L-Cys(Trt)-But (50.0 mg, 96.5 pmol) in 500 pL of TFA/CH2CL/TES

(225:225:50) was stirred at rt for 30 min. After removal of the solvent, the residue was dried under
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high vacuum for 3 h. Then, the corresponding residue was diluted in MeOH (250 pL), filtered
using a 0.2 pm syringe-driven filter, and the crude solution was purified by HPLC, affording 11.7
mg of the HoN-L-Cys-But U HaN-L-Cys-But (3%) as a colorless film [69%, tr = 7.5 min (Zorbax
SB-C18 semipreparative column, 90-10% Phase A in Phase B, 15 min)]. As a disulfide (RS-SR):
tr = 0.86 min (Eclipse Plus C8 analytical column, 5% Phase A in Phase B, 5.5 min), or tr = 4.52
min (Eclipse Plus C8 analytical column, 95-5% Phase A in Phase B, 5.5 min). '"H NMR (CDsOD,
500.13 MHz, 9): 4.12-3.94 (m, 2H, 2 x CH), 3.30-3.19 (m, 6H, 2 x CHz + 2 x CH), 3.11-2.95
(m, 2H, 2 x CH), 1.63—1.46 (m, 4H, 2 x CH3), 1.45-1.33 (m, 4H, 2 x CH»), 0.95 (t, /= 7.3 Hz,
6H, 2 x CH3). 3C NMR (CD30D, 125.77 MHz, 8): 169.9, 53.5, 40.6, 40.5, 32.4, 21.1, 14.1. MS
(ESI-TOF) [m/z (%)]: 351 ([MH]", 100]. HRMS (ESI-TOF) calculated for [Ci4H30N402S2] ([M
+Na]*) 373.1702, found 373.1698.

* Air oxidation of the thiol (RSH) causes the disulfide bond (RS-SR) formation

2.6.6 Synthesis of H;N-L-Cys-But (3).

A solution of HoN-L-Cys-But U HoN-L-Cys-But (3%, 1.0 mg, 2.9 umol) in 1.14 mL of a 5 mM
solution of TCEP.HCI in H,O (or DMSO) was stirred at rt for 5 min. Then, it was analyzed by
HPLC and/or used directly for the depalmitoylation experiments. As a free thiol (R-SH): tr = 0.79
min (Eclipse Plus C8 analytical column, 5% Phase A in Phase B, 5.5 min), or tr = 3.89 min (Eclipse
Plus C8 analytical column, 95-5% Phase A in Phase B, 5.5 min). MS (ESI-TOF) [m/z (%)]: 177
([IMH]", 100).

2.6.7 Synthesis of N-Boc-L-Cys(Trt)-Dodec.

A solution of N-Boc-L-Cys(Trt)-OH (125.0 mg, 269.6 umol) in CH2Cl> (2.5 mL) was stirred at 0
°C for 10 min, and then HATU (112.8 mg, 296.6 umol) and DIEA (187.9 uL, 1.08 mmol) were

successively added. After 10 min stirring at 0 °C, dodecylamine (50.0 mg, 269.6 umol) was added.
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After 1 h stirring at rt, the reaction mixture was washed with HC1(5%) (3 * 1 mL) and NaHCO3(sat)
(3 x 1 mL). The organic layer was dried (Na2SOs), filtered and concentrated, providing a yellow
oil, which was purified by flash chromatography (0-3% MeOH in CH>Cl,), affording 163.8 mg of
N-Boc-L-Cys(Trt)-Dodec as a pale yellow oil [96%, Re= 0.52 (1% MeOH in CH>Cl,)]. '"H NMR
(CDCl3, 500.13 MHz, 6): 7.50-7.36 (m, 6H, 6 x CHa:), 7.28 (dd, J; = 8.5 Hz, J> = 6.9 Hz, 6H, 6
x CHar), 7.24-7.19 (m, 3H, 3 x CHa:), 5.98 (d, J= 5.8 Hz, 1H, 1 x NH), 4.90-4.71 (m, 1H, 1 x
NH), 3.90-3.74 (m, 1H, 1 x CH), 3.24-3.09 (m, 2H, 1 x CH>), 2.77-2.65 (m, 1H, 0.5 x CHa),
2.58-2.41 (m, 1H, 0.5 x CH»), 1.47-1.42 (m, 2H, 1 x CH>), 1.41 (s, 9H, 3 x CH3), 1.34-1.14 (m,
18H, 9 x CH>), 0.87 (t,J= 6.9 Hz, 3H, 1 x CH3). *C NMR (CDCl3, 125.77 MHz, 8): 170.3, 155.5,
144.5, 129.7, 128.2, 127.0, 80.3, 67.3, 53.7, 39.6, 38.7, 32.0, 29.8, 29.7, 29.7, 29.7, 29.5, 29.5,
29.4,28.4,27.0,22.8, 14.3. MS (ESI-TOF) [m/z (%)]: 653 ([M +Na]", 100).

2.6.8 Synthesis of H;N-L-Cys-Dodec U HaN-L-Cys-Dodec (4°).*

A solution of N-Boc-L-Cys(Trt)-Dodec (50.0 mg, 79.3 umol) in 500 pL of TFA/CH2Cl/TES
(225:225:50) was stirred at rt for 30 min. After removal of the solvent, the residue was dried under
high vacuum for 3 h. Then, the corresponding residue was diluted in MeOH (250 pL), filtered
using a 0.2 um syringe-driven filter, and the crude solution was purified by HPLC, affording 16.8
mg of the HoN-L-Cys-Dodec U HaN-L-Cys-Dodec (4°) as a colorless film [73%, tr = 8.0 min
(Zorbax SB-C18 semipreparative column, 50% Phase A in Phase B, 5 min, and then 5% Phase A
in Phase B, 10 min)]. As a disulfide (RS-SR): tr = 2.80 min (Eclipse Plus C8 analytical column,
5% Phase A in Phase B, 5.5 min). '"H NMR (CD;OD, 500.13 MHz, §): 4.09-3.96 (m, 2H, 2 x CH),
3.30-3.19 (m, 6H, 2 x CHz + 2 x CH), 3.11-2.96 (m, 2H, 2 x CH), 1.63—1.49 (m, 4H, 2 x CH>),
1.40-1.25 (m, 36H, 18 x CHy»), 0.90 (t, /= 6.9 Hz, 6H, 2 x CH3). *C NMR (CD30D, 125.77 MHz,

8): 170.2, 53.6,40.9, 40.9, 33.1, 30.9, 30.8, 30.8, 30.5, 30.5, 30.3, 28.1, 23.8, 14.5. MS (ESI-TOF)
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[m/z (%)]: 575 (]MH]", 100]. HRMS (ESI-TOF) calculated for [C30Hs2N4+O2S>Na] ([M +Na]")
597.3206, found 597.42009.

* Air oxidation of the thiol (RSH) causes the disulfide bond (RS-SR) formation.

2.6.9 Synthesis of HoN-L-Cys-Dodec (4).

A solution of H2N-L-Cys-Dodec U HaN-L-Cys-Dodec (4°, 1.0 mg, 1.7 umol) in 695.7 pL. of a 5
mM solution of TCEP.HCI in H>O (or DMSO) was stirred at rt for 5 min. Then, it was analyzed
by HPLC and/or used directly for the depalmitoylation experiments. As a free thiol (R-SH): tr =
2.67 min (Eclipse Plus C8 analytical column, 5% Phase A in Phase B, 5.5 min). MS (ESI-TOF)
[m/z (%)]: 289 ([MH]", 100).

2.6.10 Synthesis of N-Boc-L-Cys(Trt)-Hexadec.

A solution of N-Boc-L-Cys(Trt)-OH (125.0 mg, 269.6 umol) in CH2Cl> (2.5 mL) was stirred at 0
°C for 10 min, and then HATU (112.8 mg, 296.6 umol) and DIEA (187.9 uL, 1.08 mmol) were
successively added. After 10 min stirring at 0 °C, hexadecylamine (65.1 mg, 269.6 umol) was
added. After 1 h stirring at rt, the reaction mixture was washed with HCI(5%) (3 x 1 mL) and
NaHCOs(sat) (3 x 1 mL). The organic layer was dried (Na;SOs), filtered and concentrated,
providing a yellow oil, which was purified by flash chromatography (0-3% MeOH in CH2Cl),
affording 180.7 mg of N-Boc-L-Cys(Trt)-Hexadec as a pale yellow oil [98%, R¢=0.63 (1% MeOH
in CH2Cl)]. '"H NMR (CDCl3, 500.13 MHz, 8): 7.45-7.39 (m, 6H, 6 x CHay), 7.29 (dd, J; = 8.6
Hz, J> = 6.9 Hz, 6H, 6 < CHa), 7.24-7.18 (m, 3H, 3 x CHa:), 5.97 (d, J = 5.8 Hz, 1H, 1 x NH),
4.93—4.72 (m, 1H, 1 x NH), 3.92-3.73 (m, 1H, 1 x CH), 3.24-3.07 (m, 2H, 1 x CH), 2.78-2.64
(m, 1H, 0.5 x CH»), 2.57-2.44 (m, 1H, 0.5 x CH»), 1.47-1.42 (m, 2H, 1 x CH»), 1.41 (s, 9H, 3 %
CH3), 1.32-1.20 (m, 26H, 13 x CH>), 0.88 (t,J= 6.9 Hz, 3H, 1 x CH3). *C NMR (CDCl;, 125.77

MHz, §): 170.3, 155.5, 144.5, 129.7, 128.2, 127.0, 80.3, 67.3, 53.7, 39.6, 38.8, 32.1, 29.8, 29.8,
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29.8,29.8,29.7,29.7, 29.5, 29.5, 29.4, 28 4, 27.0, 22.8, 14.3. MS (ESI-TOF) [m/z (%)]: 709 (IM
+Na]*, 100).

2.6.11 Synthesis of H2N-L-Cys-Hexadec U HoN-L-Cys-Hexadec (5°).*

A solution of N-Boc-L-Cys(Trt)-Hexadec (50.0 mg, 72.8 umol) in 500 uL of TFA/CH2Cl/TES
(225:225:50) was stirred at rt for 30 min. After removal of the solvent, the residue was dried under
high vacuum for 3 h. Then, the corresponding residue was diluted in MeOH (250 pL), filtered
using a 0.2 pum syringe-driven filter, and the crude solution was purified by HPLC, affording 16.3
mg of the HoN-L-Cys-Hexadec W HoN-L-Cys-Hexadec (5°) as a colorless film [65%, tr = 8.9 min
(Zorbax SB-C18 semipreparative column, 50% Phase A in Phase B, 5 min, and then 5% Phase A
in Phase B, 10 min)]. As a disulfide (RS-SR): tr = 3.13 min (Eclipse Plus C8 analytical column,
5% Phase A in Phase B, 5.5 min). '"H NMR (CD;OD, 500.13 MHz, §): 4.06-3.95 (m, 2H, 2 x CH),
3.30-3.20 (m, 6H, 2 x CHz + 2 x CH), 3.09-2.95 (m, 2H, 2 x CH), 1.63—1.49 (m, 4H, 2 x CH>),
1.37-1.26 (m, 52H, 26 x CH2), 0.90 (t, /= 6.8 Hz, 6H, 2 x CH3). *C NMR (CD30D, 125.77 MHz,
5): 170.4, 53.7,41.0, 40.9, 33.1, 30.9, 30.8, 30.8, 30.5, 30.5, 30.3, 28.1, 23.8, 14.5. MS (ESI-TOF)
[m/z (%)]: 687 ([MH]", 100]. HRMS (ESI-TOF) calculated for [C3sH7sN4O2S,Na] ([M +Na]")
709.5458, found 709.5462.

* Air oxidation of the thiol (RSH) causes the disulfide bond (RS-SR) formation.

2.6.12 Synthesis of H:N-L-Cys-Hexadec (5).

A solution of HoN-L-Cys-Hexadec U HaN-L-Cys-Hexadec (5°, 1.0 mg, 1.5 umol) in 582.1 pL of
a 5 mM solution of TCEP.HCI in H20 (or DMSO) was stirred at rt for 5 min. Then, it was analyzed
by HPLC and/or used directly for the depalmitoylation experiments. As a free thiol (R-SH): tr =
2.89 min (Eclipse Plus C8 analytical column, 5% Phase A in Phase B, 5.5 min). MS (ESI-TOF)

[m/z (%)]: 345 ((MHT", 100).
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2.6.13 Synthesis of N-Ac-L-Cys(Trt)-Oct.

A solution of N-Ac-L-Cys(Trt)-OH (109.3 mg, 269.6 umol) in CH2Cl> (2.5 mL) was stirred at 0
°C for 10 min, and then HATU (112.8 mg, 296.6 umol) and DIEA (187.9 uL, 1.08 mmol) were
successively added. After 10 min stirring at 0 °C, octylamine (44.6 mg, 269.6 umol) was added.
After 1 h stirring at rt, the reaction mixture was washed with HC1(5%) (3 * 1 mL) and NaHCO3(sat)
(3 x 1 mL). The organic layer was dried (Na2SOs), filtered and concentrated, providing a yellow
oil, which was purified by flash chromatography
(0-4% MeOH in CH2CL), affording 129.9 mg of N-Ac-L-Cys(Trt)-Oct as a white solid [93%,
Rr= 0.11 (1% MeOH in CH:Cl»)]. 'H NMR (CDCls, 500.13 MHz, 8): 7.45-7.40 (m, 6H,
6 x CHar), 7.28 (dd, J; = 8.5 Hz, J> = 6.8 Hz, 6H, 6 x CHa), 7.24-7.19 (m, 3H, 3 x CHa:), 6.04
(d, J=6.0Hz, 1H, 1 x NH), 5.95 (d, /= 6.0 Hz, 1H, 1 x NH), 4.07 (dt, J; = 7.6 Hz, J> = 6.4 Hz,
1H, 1 x CH), 3.23-3.04 (m, 2H, 1 x CH>), 2.71 (ddd, J; = 12.9 Hz, J> = 6.8 Hz, J; = 1.4 Hz, 1H,
0.5 x CH»), 2.51 (dd, J; = 13.0 Hz, J> = 6.0 Hz, 1H, 0.5 x CH>), 1.88 (s, 3H, 1 x CH3), 1.42 (t,
J=7.1Hz, 2H, 1 x CHp), 1.35-1.13 (m, 10H, 5 x CH), 0.86 (t, J = 6.9 Hz, 3H, 1 x CHz).
BCNMR (CDCls, 125.77 MHz, 8): 170.2, 170.0, 144.5,129.7, 128.2, 127.0, 67.3, 52.3,39.7, 38.8,
31.9,29.4,29.3,29.3,27.0, 23.3, 22.7, 14.2. MS (ESI-TOF) [m/z (%)]: 539 (M +Na]", 100).
2.6.14 Synthesis of N-Ac-L-Cys-Oct (6°).*

A solution of N-Ac-L-Cys(Trt)-Oct (50.0 mg, 96.8 pumol) in 500 pL of TFA/CH:Cl/TES
(225:225:50) was stirred at rt for 30 min. After removal of the solvent, the residue was dried under
high vacuum for 3 h. Then, the corresponding residue was diluted in MeOH (250 pL), filtered
using a 0.2 pum syringe-driven filter, and the crude solution was purified by HPLC, affording 15.2
mg of the N-Ac-L-Cys-Oct (6’) as a white solid [57%, tr = 8.4 min (Zorbax SB-C18

semipreparative column, 50% Phase A in Phase B, 5 min, and then 5% Phase A in Phase B, 10
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min)]. 'H NMR (CDsOD, 500.13 MHz, 8): 4.41 (dd, J; = 7.0 Hz, J>= 6.0 Hz, 1H, 1 x CH), 3.26—
3.11 (m, 2H, 1 x CHy), 2.84 (dd, J; = 13.8 Hz, J> = 6.0 Hz, 1H, 1 x CH), 2.76 (dd, J; = 13.8 Hz,
J>=7.1Hz, 1H, 1 x CH), 2.01 (s, 3H, 1 x CH3s), 1.58-1.44 (m, 2H, 1 x CHy), 1.37-1.23 (m, 10H,
5 x CHy), 0.90 (t, J = 6.9 Hz, 3H, 1 x CH3). *C NMR (CD;0D, 125.77 MHz, 8): 173.4, 172.2,
57.3,40.5,33.0,30.4,30.4, 30.4, 28.0, 26.9, 23.8, 22.5, 14.5. As a free thiol (R-SH): tr = 2.94 min
(Eclipse Plus C8 analytical column, 5% Phase A in Phase B, 5.5 min). MS (ESI-TOF) [m/z (%)]:
275 (IMH]", 100). HRMS (ESI-TOF) calculated for [Ci13H26N202SNa] ([M +Na]") 297.1607,
found 297.1604.

* HPLC-ELSD, NMR and MS showed that the product obtained was the thiol N-Ac-L-Cys-Oct
(6) and not the expected disulfide N-Ac-L-Cys-Oct U N-Ac-L-Cys-Oct (6°).

2.6.15 Synthesis of N-Ac-L-Cys-Oct (6)

A solution of the possible formed N-Ac-L-Cys-Oct U N-Ac-L-Cys-Oct (6°, 1.0 mg, 1.8 pumol) in
731.5 uL of a 5 mM solution of TCEP.HCI in H>O (or DMSO) was stirred at rt for 5 min. Then, it
was analyzed by HPLC and/or used directly for the depalmitoylation experiments. As a free thiol
(R-SH): tr = 2.94 min (Eclipse Plus C8 analytical column, 5% Phase 4 in Phase B, 5.5 min). MS
(ESI-TOF) [m/z (%)]: 275 ([MH]", 100). HRMS (ESI-TOF) calculated for [C13H26N202SNa] ([M
+Na]") 297.1607, found 297.1604.

* As we mentioned above, HPLC-ELSD, NMR and MS showed that the product obtained was
N-Ac-L-Cys-Oct (6). However, air oxidation of the thiol (RSH) over time could cause the disulfide
bond (RS-SR) formation. Therefore, the product was treated with TCEP.HCI to be completely sure

that we have the desired depalmitoylating agent (6).
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Chapter 3: Determination of SARS-CoV-2 Spike Glycoprotein Palmitoylation and its

Contribution to Virus-Cell Fusion

3.1 Abstract

The emergence of the COVID-19 pandemic has made it more necessary than ever to better
understand the molecular mechanism of viral entry and function that contributes to the spread and
infectivity of the novel coronavirus SARS-CoV-2. Various viral proteins are post-translationally
modified with palmitic acid, known as palmitoylation, including coronavirus spike glycoproteins.
Palmitoylation has been determined to be essential for virus infectivity for a few coronaviruses,
but the regions of palmitoylation and specific surface receptor interactions differs for each virus.
It is currently unclear how palmitoylation of the novel SARS-CoV-2 spike protein contributes to
virus-cell membrane fusion. This work focused on initially determining the essential sites of
palmitoylation within the SARS-CoV-2 spike glycoprotein cysteine-rich C-terminal domain. I
found that mutating the cysteine residues within Cluster 1 and Cluster 2 led to a decrease in
palmitoylation levels compared to wildtype spike protein. Additionally, I studied the effects of
palmitoylation inhibition, through pharmacological treatment or genetic mutation screening, on
spike protein localization and membrane fusion. Although localization of the spike protein did not
change with pharmacological or genetic manipulation, fewer membrane fusion events seemed to
occur between the spike Cluster 1 mutant and the ACE2 receptor. This study sheds light on the
role of palmitoylation on viral function and membrane fusion processes. In addition, this work can
potentially lay the groundwork for the development of therapeutics that can target palmitoylation
of SARS-CoV-2 spike protein as an approach to prevent virus-cell fusion and infectivity in

humans.
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3.2 Introduction

The COVID-19 pandemic that emerged at the end of 2019 has resulted in over 170 million
confirmed cases and 3 million deaths worldwide!. COVID-19 is a respiratory disease that causes
symptoms such as fever, dry cough, and shortness of breath?. This disease is caused by the novel
coronavirus SARS-CoV-2, which is a positive-sense, single-stranded RNA virus®. All
coronaviruses are known to encode three structural envelope proteins — spike glycoprotein (S),
envelope protein (E), and membrane protein (M)*>. The spike protein is the main protein in the
viral membrane that facilitates virus-cell fusion by interacting with the ACE2 receptor on the
surface of host cells*. The C-terminal cytoplasmic tail of the spike protein in coronaviruses, such
as severe acute respiratory syndrome coronavirus (SARS-CoV) and mouse hepatitis virus (MHV),
contain cysteine-rich regions that are S-palmitoylated by host cells*®7.

S-palmitoylation is a cellular process where the 16-carbon saturated fatty acid palmitic acid
is post-translationally attached to many endogenous cellular and viral proteins®. In particular, S-
palmitoylation of viral proteins has been shown to have an important role in virus-host
interactions®’. Additionally, palmitoylation has a functional role in the entry of many viruses into
host cells by spike-mediated membrane fusion®. Previous studies have determined that coronavirus
spike protein palmitoylation is essential for spike-mediated virus-cell fusion, infectivity, and virus
assembly*>. However, past work has not characterized the functional role of spike protein
palmitoylation on protein-protein interactions at the host cell surface. To this end, it is essential to
study the basic function of spike protein palmitoylation in mediating viral processes.

Although palmitoylation of the spike protein is known to be required for viral assembly

and infectivity in certain coronaviruses®’, it remains unclear what the molecular role of
y )
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palmitoylation is for the novel SARS-CoV-2 spike protein function. Additionally, the highly
conserved nature of the spike protein cysteine-rich domain in coronaviruses and its clear role in
membrane fusion and viral infectivity make it an attractive target for broad-spectrum antiviral
development*. In order to develop therapeutic strategies to target the cysteine-rich palmitoylated
regions of the novel SARS-CoV-2 spike glycoprotein, it is necessary to determine how
depalmitoylation, through pharmacological or genetic means, affects spike-mediated cell fusion
and spike protein interactions with host cell surface receptors.

Here, I aimed to determine the cysteine residues that are palmitoylated in the SARS-CoV-
2 spike glycoprotein using site-directed mutagenesis and an acyl-resin-assisted capture (acyl-
RAC) assay!®!!. Next, I determined the effect on localization of these palmitoylation mutants and
pharmacologically depalmitoylated spike protein compared to the wildtype spike protein using
immunofluorescence. Additionally, I observed the change in spike-mediated virus-cell fusion
using immunofluorescence to visualize formation of syncytia*. The information gained from this
study can provide a basis to better understand the role of palmitoylation in viral protein function
and potentially pave the way for developing better therapeutics that target palmitoylation of the

spike glycoprotein in the novel coronavirus SARS-CoV-2.

3.3 Results
3.3.1 Palmitoylation of SARS-CoV-2 Spike Glycoprotein

I sought to determine the essential sites of palmitoylation on the SARS-CoV-2 spike
glycoprotein as a starting point to understand its functional role on this important viral protein. To
do so, full-length palmitoylation mutants of the spike glycoprotein were created using cloning

methods. Various cluster mutants as well as site-specific mutants were made by mutating the
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cysteine residues of interest to serine (Table 3.1). An acyl-resin assisted capture (acyl-RAC) assay
was used to determine which cysteine residues are S-palmitoylated on the spike protein.

Initially, I wanted to observe the effects of pharmacological palmitoylation inhibition on
total S-palmitoylation levels of the spike glycoprotein. To study the effects of inhibition on the
full-length SARS-CoV-2 spike glycoprotein, cells were transiently transfected with wildtype spike
protein and treated with increasing concentrations of 2-bromopalmitate (2-BP). 2-BP is an
irreversible, non-specific palmitoylation inhibitor that is commonly used to study protein
palmitoylation'?"!4, T did not observe a significant change in S-palmitoylation levels of the spike
protein in a short treatment period of 2 h (Figure 3.1a,b). This result could have been due to the
possibility that in a short period of time, there is no advantage for the spike protein to be
depalmitoylated since viral proteins do not undergo endogenous enzymatic depalmitoylation®.
However, after a longer 24 h treatment incubation, there was a dose-dependent decrease in spike
protein palmitoylation (Figure 3.1c,d). These results suggest that inhibition of cellular palmitoyl
acyltransferases (PATs) by 2-BP does influence spike protein palmitoylation in a dose-dependent
and time-dependent manner.

To determine the specific cysteine residues that are essential for S-palmitoylation of the
full-length spike glycoprotein, cells were transiently transfected with the various cluster mutants
as well as the site-specific mutants (Table 3.1). The cysteine residues of interest within the C-
terminal region were mutated to serine residues because of the structural similarities between the
two amino acids and the fact that the alcohol group in the serine would be unable to be S-
palmitoylated due to its chemical properties!'>!®, Using the acyl-RAC assay, I observed that the
Cluster 1 and Cluster 2 palmitoylation mutants had an overall decrease in S-palmitoylation levels

compared to that of the wildtype spike protein (Figure 3.2a,b). This suggests that the cysteine
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residues in those two cluster regions may be S-palmitoylated. Additionally, a few of the site-
specific palmitoylation mutants seemed to have a decrease in palmitoylation levels compared to
the wildtype spike protein, such as the C1235S, C1241S, C1243S, and C1247S mutants (Figure
3.2a,c). It is interesting to note that these cysteine residues are within or near the Cluster 1 and

Cluster 2 C-terminal regions.

Table 3.1. Palmitoylation Mutants in SARS-CoV-2 Spike Glycoprotein.

WT Spike C-terminal region = ...CCMTSCCSCLKGCCSCGSCC...
Serine Mutants

Site 1 Mutant ..SCMTSCCSCLKGCCSCGSCC...
Site 2 Mutant ..CSMTSCCSCLKGCCSCGSCC...
Site 3 Mutant ..CCMTSSCSCLKGCCSCGSCC...
Site 4 Mutant ..CCMTSCSSCLKGCCSCGSCC...
Site 5 Mutant ..CCMTSCCSSLKGCCSCGSCC...
Site 6 Mutant ..CCMTSCCSCLKGSCSCGSCC...
Site 7 Mutant ..CCMTSCCSCLKGCSSCGSCC...
Site 8 Mutant ..CCMTSCCSCLKGCCSSGSCC...
Site 9 Mutant ..CCMTSCCSCLKGCCSCGSSC...
Site 10 Mutant ..CCMTSCCSCLKGCCSCGSCS...
Cluster 1 Mutant ..SSMTSCCSCLKGCCSCGSCC...
Cluster 2 Mutant ..CCMTSSSSSLKGCCSCGSCC...
Cluster 3 Mutant ..CCMTSCCSCLKGSSSSGSCC...
Cluster 4 Mutant ..CCMTSCCSCLKGCCSCGSSS...
Full Region Mutant ..SSMTSSSSSLKGSSSSGSSS...
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Figure 3.1 Palmitoylation Status of Spike Glycoprotein After Treatment with 2-BP. (a) Western blot detection of full-
length spike protein in acyl-RAC fractions of HEK293T cells after 2 h treatment with increasing concentrations (0-
100 uM) of 2-BP. Input fractions (IF) contain cellular protein and cleaved bound fractions (cBF) contain only S-
palmitoylated proteins. (b) Western blot lanes were analyzed and quantified using ImagelJ. Ratios of c¢BF to IF for
each treatment condition was calculated and normalized to the 0 uM control to determine amount of S-palmitoylated
spike protein in each sample. (¢) Western blot detection of full-length spike protein after 24 h treatment with 2-BP.
(d) Image analysis of western blot lanes.
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Figure 3.2 Palmitoylation Status of Spike Glycoprotein Palmitoylation Mutants. (a) Western blot detection of full-
length spike protein in acyl-RAC fractions of HEK293T cells transiently transfected with various palmitoylation
cluster and site-specific mutants. (b) Image analysis of western blot lanes of wildtype spike protein and cluster
mutants. Ratios of cBF to IF for each mutant was calculated and normalized to the wildtype (WT) control to determine
amount of S-palmitoylated spike protein in each sample. (¢) Image analysis of western blot lanes of wildtype spike

protein and site-specific mutants.
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3.3.2 Localization and Membrane Fusion of SARS-CoV-2 Spike Glycoprotein

After determining that the SARS-CoV-2 spike glycoprotein is in fact S-palmitoylated at
various sites within its cysteine-rich C-terminal domain, I aimed to study the effects of
palmitoylation on spike localization as well as spike-mediated membrane fusion using
immunofluorescence. Initially, I chose to observe the effects of the palmitoylation inhibitor 2-BP
on the localization of the wildtype spike protein. Using an antibody for the SARS-CoV-2 spike
glycoprotein, I observed that localization was unaffected even with increasing concentrations of
2-BP after a 24 h treatment period (Figure 3.3). This result suggested that spike protein membrane
localization is not palmitoylation-dependent®.

Next, I wanted to compare the results of pharmacological palmitoylation inhibition to
genetic palmitoylation manipulation. Specifically, since palmitoylation inhibition after treatment
with 2-BP did not have an observable effect on spike protein localization, I expected a similar
result for the various SARS-CoV-2 spike glycoprotein palmitoylation cluster mutants. I did, in
fact, observe that the localization of all the palmitoylation cluster mutants was similar to that of
the wildtype spike protein (Figure 3.4a).

Although spike protein localization was unaltered regardless of pharmacological inhibition
of palmitoylation or genetic mutation of palmitoylation sites, I aimed to determine if the membrane
fusion events initiated by the spike glycoprotein were affected by these palmitoylation changes.
Specifically, I conducted coculture experiments to observe the change in membrane fusion
between cells transiently transfected with the spike protein palmitoylation cluster mutants and cells
transiently transfected with the ACE2 receptor. Since the ACE2 receptor is the known binding
partner of the SARS-CoV-2 spike protein that initiates viral fusion and entry, this coculture

experiment was a valuable way to determine if membrane fusion is palmitoylation-dependent*!6:17,
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In particular, I used immunofluorescence to look for differences in syncytia formation or in the
encapsulation of the spike expressing cells within the ACE2 receptor expressing cells. I observed
a few differences in the membrane fusion of the cocultured cells compared to the fusion events
that occurred between the wildtype spike transfected cells and the ACE2 receptor transfected cells.
Cells expressing the Cluster 1 mutant seemed to have less membrane fusion and encapsulation
events occurring between the cocultured cells compared to the fusion observed in the wildtype
spike protein and other cluster mutants (Figure 3.4b). These results suggest that palmitoylation of
the Cluster 1 region is necessary for the membrane fusion events that occur between the spike

glycoprotein and the host ACE2 receptor.

0 puM 12.5 pM 25 uM 50 uM 100 pM

2-BP:

Figure 3.3 Localization of Spike Glycoprotein After Treatment with 2-BP. Immunofluorescence images of HEK293T

cells transiently transfected with WT spike glycoprotein and treated with increasing concentrations (0-100 uM) of 2-
BP for 24 h.
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Figure 3.4 Localization and Membrane Fusion of Spike Glycoprotein Cluster Mutants. (a) Immunofluorescence
images of HEK293T cells transiently transfected with spike glycoprotein cluster mutants. (b) Immunofluorescence
images of HEK293T cells transiently transfected with spike glycoprotein cluster mutants (red; Alexa Fluor 594)
cocultured with HEK293T cells transiently transfected with ACE2 receptor (green; Alexa Fluor 488). (c)
Quantification of cell fusion from cocultured HEK293T cells in panel b. Image J was used to analyze syncytia
formation within an area of 350 um x 500 um. Percentage of syncytia formation for each cluster mutant was calculated
and normalized to wildtype (WT).
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3.4 Discussion

The high incidence and mortality of COVID-19 worldwide has made it evident that there
is great need for better therapeutics to combat this fatal disease. One potential approach would be
to target the viral spike glycoprotein that initiates infection of the novel SARS-CoV-2 coronavirus.
Previous studies have determined that the spike glycoprotein of various coronaviruses is
palmitoylated*®. However, there is still not much known about the effects of removing the
palmitoylation modification from the spike protein as a potential antiviral therapeutic strategy. It
would be valuable to explore the function of SARS-CoV-2 spike protein palmitoylation on viral
processes that originate at the cell surface, such as membrane fusion, that could potentially be
targeted.

In this study, I have determined the essential C-terminal cysteine residues and cluster
regions on the SARS-CoV-2 spike glycoprotein that are S-palmitoylated. I also determined that
inhibition of palmitoylation by 2-BP caused a decrease in spike protein S-palmitoylation levels in
a dose-dependent manner after 24 h treatment. In addition, I observed that palmitoylation is not
necessary for spike protein localization to the plasma membrane, while membrane fusion of the
spike protein with the ACE2 receptor is palmitoylation-dependent. These results suggest that
palmitoylation of the SARS-CoV-2 spike glycoprotein has an important role in virus-cell
membrane fusion. Further studies are needed to better understand the contribution of spike protein
palmitoylation to viral infectivity. Additionally, future directions include evaluating how protein-
protein interactions between the spike glycoprotein and various host cell surface proteins are
affected if the spike protein is depalmitoylated pharmacologically or unable to be palmitoylated

by the palmitoylation mutants.
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By understanding spike protein palmitoylation, alternative approaches to targeting the
SARS-CoV-2 spike glycoprotein can be developed to overcome COVID-19. Considering the
recent emergence of various strains and mutants of SARS-CoV-2, it would be beneficial to have
various approaches to target the viral spike protein, which is known to initiate the fusion and entry
of the virus into the host cell. The information gained from this study can contribute to antiviral

drug discovery for the SARS-CoV-2 as well as other coronaviruses that may emerge in the future.
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